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NOMENCLATURE 
tA  total area of enclosure including openings, 2m  
vA  total area of vertical openings on all walls, 2m  
b  thermal inertia = λρc ,  Ksm/J 2/12
c specific heat,  kgK/J
h convective heat transfer coefficient,  Km/W 2
eqh  weighted average of window heights on all walls, m 
k adjusting factor for fuel-controlled fire and large openings 
m combustion factor 
O opening factor, =  teqv A/hA , 
1/2m  
limO  limiting opening factor, 1/2m  
d,tq  design fire load density per total area,  2MJ/m
d,fq  design fire load density per floor area,  2MJ/m
k,fq  characteristic fire load density per floor area,  2MJ/m
s thickness of surrounding material of compartment, m 
t time, hour 
t* fictitious time, hour 
limt  limiting time for different fire growth rate, minute 
T temperature, K 
sT  steel temperature, K 
gT  environmental gas temperature, K 
bZ  size of the bounding surface in two-surface plasticity model 
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yZ  size of the initial yield surface in two-surface plasticity model 
mα  absorption coefficient of steel surface 
mε  emissivity coefficient of steel surface 
fε  emissivity coefficient of flame 
rε  resultant emissivity = mf εε  
qiγ  partial factor for fire activation risk 
niγ  partial factor for different active fire fighting measures 
cγ  partial factor for heat transfer by convection 
rγ  partial factor for heat transfer by radiation 
c,neth
•




 net heat flux by radiation,  
2m/W
σ  Stefan-Boltzmann’s constant = , 81067.5 −× 42Km/W  
ρ  density,  3m/kg
λ  thermal conductivity,  mK/W
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SUMMARY 
When a complete structure, as opposed to an isolated structural element, is 
exposed to an attacking fire, there are a variety of interactions between structural 
components. Because of these interactions, the behaviour of a steel structure in fire can 
be drastically different from that of its structural elements in isolation. However, these 
structural interactions cannot be accounted for in the current prescriptive approach of 
fire resistance design which is based on fire tests of isolated members subjected to an 
artificial fire. This research work presents an advanced modelling technique that can be 
applied to assess the behaviour of a complete frame exposed to compartment fire by 
establishing a direct relationship between the heating time and the fire resistance of the 
structure in terms of strength and stability.  
The research work presented in this thesis is an extension of the study by Tang 
(2001). Both researches focus on the use of second-order refined plastic hinge analysis 
to capture both material and geometric nonlinear effects of the structure exposed to 
fire. Natural fire, in contrast to the artificial ISO standard fire, is simulated to represent 
the real fire development in a building compartment. The underlying assumptions in 
the analysis method are examined. Verification studies are carried out on both 
components and frames over a wide range of parameters including uniformly heated 
members, three-side heated members, members with passive fire protection, two-
dimensional frames as well as three-dimensional frames. The proposed approach is 
then used to study the behaviour of a three-dimensional multi-story frame subjected to 
natural compartment fires and to investigate the passive fire protection requirement for 
the frame. The advantage of the advanced analysis over the conventional design 




INTRODUCTION AND LITERATURE REVIEW 
1.1 MOTIVATION 
Structural steel has been widely used by architects and engineers for its 
lightweight, fast-to-erect and aesthetic appealing characteristics. Under current design 
philosophy, steel loses its strength and stability considerably at elevated temperatures, 
requiring fire insulation to keep its temperature low. Currently, the fire resistance 
design in most countries is still based on prescriptive codes derived from standard fire 
tests of isolated members. The actual behaviour of the building in fire is not considered 
in such an approach.   
The prescribed codified approach suffers from a number of drawbacks. First of 
all, the standard ISO fire curve (CEN, 2001a) has a continuously increasing 
temperature rising at a decreasing rate. It does not represent real fires, which generally 
consist of three distinct phases: a pre-flashover phase, a fully developed phase and a 
cooling phase (Figure 1.1). Depending upon the building layout, the ventilation and the 
amount of combustible materials, real fires could be less or more severe than the 
standard fire. 
The problem of achieving furnace harmonization is another drawback to the 
standard fire test. Although the relevant test codes specify the same control 
temperature, the heat flux experienced by the test specimen is dependent on the form 
of construction of the furnace, the location of the burners relative to the specimen and 
the type of fuel used. 
In addition to the problems associated with the difference between the standard 
fire and real fires, a number of difficulties arise in extrapolating the results from 
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standard fire tests to structural performance in a real building.  
Firstly, due to the high cost of the standard fire test, it is not feasible to conduct 
tests to address every conceivable section size and length, end condition and loading 
condition. The geometric limitations of specimen size also mean that it is not possible 
to simulate complicated three-dimensional structural behaviour. 
Secondly, no allowance can be made for the beneficial or detrimental influence 
of restraint provided by the surrounding structure during the test. Because of 
interactions between structural components, the behaviour of a steel structure in fire 
can be drastically different from that of its structural elements in isolation. Alternative 
load carrying mechanisms or modes of failure are not accounted for in the test.   
Thirdly, the present prescriptive codes are limited to the type of structure where 
the influence of global instability is small. They may not be applicable for complex 
and flexible structures.   
It has been recognized by practitioners that strict adherence to the current 
prescriptive rules can lead to an uneconomic and inflexible design, making 
constructional steel not competitive against concrete or other building materials. With 
the advance in computing technologies, the adoption of a rational, performance-based 
approach over conventional prescriptive approach thus becomes more compelling to 
allow architects and engineers greater freedom to design structures economically, 
without compromising the required level of safety.  
In this research, an integrated fire analysis is proposed for the design of steel 
structures in natural compartment fires. Realistic fires are considered instead of the 
ISO standard fire. The mechanical response is simulated using a robust and efficient 
second-order plastic-hinge approach, which requires only one line element per physical 
member of the structure to obtain a realistic representation of the global non-linear 
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effects of the structure.  
1.2 RESEARCH OBJECTIVES AND SCOPE 
The main objectives of the present research are (1) to validate the accuracy of the 
proposed analysis methods against experimental results and (2) to fill in the gaps in 
existing knowledge of the overall structural behaviour of steel frames subjected to 
natural fires, and (3) to highlight the advantages of the use of advanced analysis for 
economical and safe fire resistance design. In particular, the following studies are 
carried out to meet the objectives:  
-  The investigation of the effect of ventilation, fire load and active fire 
suppression system on the development of fire in the compartment; 
-  The validation of the use of advanced analysis through verification studies on 
individual members, two-dimensional frames and three-dimensional frames; 
-  The assessment of the fire resistance of multi-storey steel frames considering 
realistic fires and the behaviour of the frame as a whole.   
In this research, the modelling of natural fire is based on Eurocode prEN 1991-1-
2 (CEN, 2001a) considering possible active fire fighting measures. The analysis 
focuses on the assessment of fire resistance and damage of structures under post-
flashover compartment fires. Transient heat transfer analysis using FAHTS (Holmas, 
1995) and second-order refined plastic hinge analysis using USFOS (Soreide, et al., 
1994) are performed to study the behaviour of unprotected and protected multi-storey 
buildings under different compartment fire scenarios. The advantage of the advanced 
analysis method over conventional prescriptive approach in providing a more realistic 
assessment of structural performance in fire is highlighted. The present work is limited 
to steel structures, taking into consideration the heat-sink effect of concrete slab on the 
top of the steel beam without composite action between the slab and the steel beam. 
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1.3 OVERVIEW OF CONTENTS 
Chapter 1 provides an overview of the current problems and defines the 
objectives and scope of the present investigation. A brief literature review on the fire 
tests carried out around the world and the development of the fire resistance design 
method is given.  
Analysis methods used in the research are summarized in Chapter 2, followed by 
a brief description on the heat transfer analysis program FAHTS (Holmas, 1995)  and 
structural analysis program USFOS (Soreide, et al., 1994).  
In Chapter 3, the formulation of natural fire curves according to Eurocode prEN 
1991-1-2 (CEN, 2001a) is presented. The effect of several fundamental parameters 
such as fire load, ventilation and properties of surrounding surfaces on the fire 
development is studied with consideration of possible active fire suppression systems. 
Examples of natural fire curves under different scenarios are given.  
Extensive verification studies are carried out over a wide range of parameters 
including uniformly heated members, three-side heated members, members with 
passive fire protection, two-dimensional frames as well as three-dimensional frames. 
The description of each study and the results are summarized in Chapter 4. Underlying 
assumptions in the analysis such as the mechanical and thermal properties of steel at 
elevated temperature are presented. The effect of coefficient of convection and 
emissivity on the steel temperature development is discussed. 
After the use of the advanced analysis method is successfully validated, in 
Chapter 5, the proposed method is applied to investigate the behaviour of a three-
dimensional six-storey unbraced frame subjected to various fire scenarios. The 
computed results are compared to those from the conventional approach based on the 
ISO standard fire curve and the advantage of the advanced analysis is demonstrated. 
 4
Chapter 1                                                                  Introduction and Literature Review 
The design implications on the requirement of passive fire protection are also 
discussed. 
Chapter 6 concludes with a summary of the findings. The limitations of the 
proposed method and directions for further research are also indicated. 
1.4 LITERATURE REVIEW  
The demand for more competitive steel construction and a desire to pursue a 
better understanding of the structural behaviour in fire have stimulated intensive 
activities and research works in recent years. Experiments are carried out and 
predictive methods are developed to simulate the behaviour of structures in fire.  
Though expensive and time consuming, fire tests have offered researchers and 
engineers an insight into the behaviour of structural members and frames in fire. A 
summary of fire tests carried out around the world can be found in Wang (2002). The 
standard fire tests on isolated members carried out in the UK (Wainman and Kirby, 
1988) provide a valuable database for the development of accurate calculation 
methods. Different types of member were tested including floor beams exposed to fire 
on three sides with different restraint condition, simply supported shelf angle floor 
beams, simply supported slim floor beams, columns exposed on four sides, columns 
with blocked-in webs and columns in walls. Results of eighteen tests on simply 
supported floor beams supporting concrete slab without composite action between the 
steel and the slab are used in this research to validate the accuracy of the proposed 
method. Konicek and Lie (1973) and Bardell (1983) performed fire tests on protected 
steel columns insulated by different types of materials. Their studies are simulated to 
validate the heat transfer analysis with the presence of passive fire protection.  
In China, fire experiments were carried out on two-dimensional skeletal steel 
frames in Tongji University (Zhao, 1995 and Li et al., 1997). Tang (2001) simulated 
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two of the tests using the proposed method and good agreement was found between the 
analysis and the test data. The three-dimensional steel frame test conducted in 
SINTEF, Norway (Skallerud and Amdahl, 2002) has also shown excellent correlation 
between the simulations using the proposed method and the test results. 
Researchers also carried out tests (Kirby and Preston, 1988 and Outinen et al., 
2001) to investigate the mechanical properties and stress-strain relationships of steel at 
elevated temperatures and to address the implications of material model on steel 
behaviour (Twilt, 1988; Anderberg, 1998 and Cooke, 1998), details of which are 
discussed in Chapter 4.      
Among all the experiments on frames, the largest and the most influential one is 
the full-scale fire tests on an eight-storey steel-framed building at Cardington (Kirby, 
1996 and Bailey et al., 1999). A total of six major fire tests were conducted: restrained 
beam test, plane frame test, two corner compartment tests, one large compartment test 
and one large compartment with furniture test. These tests have produced a huge 
amount of experimental data that are valuable for validation of computer modelling 
and understanding of the physical phenomena that dominate complete structural 
behaviour under fire.  
Sophisticated analytical methods have been developed to simulate and 
supplement the fire tests. The results from experiments and analysis (Bailey et al., 
1996 and Gillie et al., 2002) confirm that existing fire codes are not addressing the 
correct building behaviour during a fire and, as a consequence, are extremely 
conservative. In contrast to the common view that the behaviour of composite structure 
is governed by the effects of strength loss caused by thermal degradation, and the large 
runaway deflections that result from the imposed loading on the weakened structure, 
the experiments reveal that it is the thermally induced forces and displacements that 
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dominate the response of highly redundant structures under local fires. At extreme 
temperatures when deflections become large, an alternative load carrying mechanism, 
mobilising tensile action in the reinforcement mesh and the continuity of the slab 
system, provides robust redistribution paths to maintain structural stability by tensile 
membrane action. 
Fire tests are limited in number and scale because of the high cost involved. 
Accurate analytical and numerical methods are thus necessary to predict the fire 
resistance of members and frames. Researchers have proposed a number of approaches 
including the elementary mechanics approach (Pettersson et al., 1976), the plastic 
method (Wong, 2001), the Rankine approach (Toh et al., 2001), the secant-stiffness 
method (Burgess et al., 1991), the plastic hinge-based method (Liew et al., 1998; Chan 
and Chan, 2001), and the finite element approach (Anderberg, 1988; Saab and 
Nethercot, 1991; Wang et al., 1995; El-Rimawi et al., 1995; Huang et al., 2000).  
The first three methods are simplified approaches and are only suitable for 
members and simple frames. Pettersson et al. (1976) describe a deflection analysis of a 
simple frame using algebraic equations. The principal change in applying the same 
algebraic equations from ambient temperature structural calculations to fire resistance 
evaluations is by adjusting the material mechanical property values to reflect their 
dependence on temperature. Wong’s approach (2001) is based on the plastic hinge 
concept using both the elastoplastic method and the upper-bound method, which is 
established on assumed collapse mechanisms. Geometric nonlinearity, local and global 
bucking are not included. Toh et al. (2001) extends the classical Rankine formula to 
take into account material degradations at elevated temperatures. The strength and 
stability of the structures are evaluated using rigid-plastic and elastic buckling 
analyses.     
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The secant-stiffness method proposed by Burgess et al. (1991) is formulated 
according to the moment-curvature relationships of steel cross-sections using stress-
strain relations at different temperature. The method accounts for the shift of neutral 
axis and the additional deformation due to non-uniform heating. It is suitable for 
analysis of flexural members and structures.  
Finite element approach is versatile and can adequately model the behaviour of 
any structure, but it requires laborious and highly skilled modelling techniques with 
high computational cost. Because of this, most of the researches carried out so far 
using finite element method are focusing on the behaviour of a particular structural 
component, for example connections, beams and columns, slabs, or two-dimensional 
frames or sub-frames of three-dimensional structures. It is rarely cost-effective to use 
finite element method to study the behaviour of complicated three-dimensional frames. 
Plastic hinge-based approach, on the other hand, has demonstrated its robustness and 
efficiency in analysing such structures with reasonable accuracy. Examples are 
illustrated in detail in Chapter 4. The two methods can be complementary to each other 
to study the local and global behaviour of a complete structure. However, from a 
practical design point of view, the plastic hinge-based approach is more feasible and 
efficient with adequate level of safety.    
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The analytical assessment of fire resistance of structures using the proposed 
method of this thesis includes three principal aspects: (1) simulation of the fire in the 
compartment; (2) transient heat transfer analysis to calculate temperature development 
of steel members with time; and (3) structural analysis to determine the failure time 
and temperature of the structure considering various thermal effects and loading 
combinations.    
2.2 SIMULATION OF NATURAL FIRE 
The simulation of natural fires is according to the parametric temperature-time 
curve in Eurocode prEN 1991-1-2 (CEN, 2001a). It provides a simplified but 
reasonable way to derive the parametric compartment fire curves based on several 
fundamental parameters such as fire load, ventilation and properties of the surrounding 
enclosure surfaces. The details of derivation and the effect of various parameters on 
the development of fire in the compartment are presented in Chapter 3.  
2.3 SIMULATION OF HEAT TRANSFER  
The structural analysis software USFOS (Ultimate Strength of Framed Offshore 
Structures, Soreide, et al., 1994) is based on plastic-hinge concept using beam-column 
element. However in order to capture the temperature variation along the member 
length and across the member cross-section, the beam-column element is subdivided 
into quadrilateral finite elements in heat transfer analysis using FAHTS (Fire And 
Heat Transfer Simulations, Holmas, 1995) as shown in Figure 2.1. Heat conduction, 
convection and exchanges of radiation are calculated on the basis of these finite 
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elements according to two-dimensional heat transfer in Equation (2.1) assuming 














∂ρ    (2.1) 
where T and t are the steel temperature and time respectively. ρ  and c are mass density 
( ) and heat capacity ( ). 3m/kg kgK/J xλ  and yλ  are the thermal conductivity 
 in local x and y directions of the finite element. )mK/W( q  is the heat input 
 to the system. This equation is a standard heat transfer equation, which 
means the rate of increase of heat in a particular volume V is equal to the rate of heat 
conduction into the volume V plus the rate of heat generation within V. 
)m/W( 3
The transient temperature field problem is discretized in the space domain 
resulting in a set of linear ordinary differential equations for each element. The 
integration over the total space domain is obtained by summation over all elements 
which can be expressed as:  
)T(QT)T(KT)T(M iiiii =+&     (2.2) 
where M is the mass matrix including heat capacity at time step i; K is the thermal 
conductivity matrix at time step i and Q is the nodal consistent heat vector at time step 
i, all as a function of temperature . The consistent nodal heat flux vector Q is the 










dSNqN)T(Q     (2.3) 
 
where subscript j denotes element no. j; qS is the rate of heat transfer (by convection 
and radiation) per unit surface area Sj and NSj is the vector of interpolation functions 
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for element no. j. Within each element the temperature is interpolated from the 
temperature in the nodal points based on the interpolation function NSj.  
Equation (2.2) is solved incrementally by numerical integration over the time 
domain to find an approximation of the temperature state  at time . The “true” 
temperature distribution over the descretized finite elements for heat transfer analysis 
is then converted to an equivalent incremental temperature for the structural member 
as expressed in Equation (2.4) to produce the same thermal expansion forces and 
thermal bending moments for the beam-column element based on the principle of 
virtual work. The converted incremental temperature can be directly used later by the 
structural analysis program as temperature loading.  
iT it
zyT)z,y,x(T zyo β∆+β∆+∆=∆     (2.4) 
in which is the incremental temperature along the beam-column element axis. 
 and  are the temperature gradients in local y and z directions of the element 
as shown in Figure 2.2.  
oT∆
yβ∆ zβ∆
In structural analysis, temperature is assumed uniform along the length of one 
element. Therefore,  in Equation (2.4) does no depend on x for a particular 
element. To capture the non-uniform temperature distribution along the member 
length, the member has to be divided into a number of elements of approximately 
uniform temperature distribution. For members with temperature variations over the 
cross section, the convergence study by Tang (2001) has shown that by sub-dividing 
the web plate into two elements, the percentage error varies from 0.2% to 4.6%, and 
may be sufficiently small to be ignored.      
oT∆
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2.4 SIMULATION OF STRUCTURAL RESPONSE 
In order to study the overall behaviour of a structure, it is essential to capture 
interactions between the structural components, global stability, second-order effects 
due to large displacements, as well as material nonlinearity. A second-order inelastic 
analysis is thus desired, which arrives at the use of computer program USFOS 
(Ultimate Strength of Framed Offshore Structures, Soreide, et al., 1994).  
One of the main advantages of USFOS is it requires only one line element per 
physical member of the structure to obtain a realistic representation of the global non-
linear effects of the structure. By using a full twelve degree-of-freedom at the ends of a 
beam (Figure 2.3) to represent each member and providing an accurate solution at the 
component level, relatively complex structures could be analyzed with reasonable 
computational cost. The basic formulation of USFOS program is based on the stability 
interpolation functions satisfying the governing fourth-order differential equation of 
beam-column subjected to end forces. The effects of large displacements and 
interaction between lateral deflections and axial strains are included by using nonlinear 
strain relationships (Green strain) instead of the conventional linear strain distribution. 
A comparison of two strain relationships is shown in Figure 2.4. Since the coupling 
effects between the axial and flexural displacements are considered in deriving the 
stiffness matrices by using nonlinear strain relations, the program can accurately 
predict the flexural buckling load of a column with different boundary conditions. 
However, as the effect of torsional displacement is not coupled in the stiffness 
matrices, lateral-torsional buckling cannot be captured. Local buckling is also not 
accounted for in the analysis.  
For a second-order analysis, the equilibrium equations are formulated with 
respect to the deformed geometry of the structure. An incremental load approach is 
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thus adopted in USFOS to obtain the solutions. Displacement controlled technique is 
also incorporated in the program to limit the size of each load increment such that the 
displacement increment not exceeding the user defined maximum increment. 
In an incremental load approach, the applied load is divided into increments and 
applied incrementally to the structure. The deformed configuration of the structure at 
the end of each cycle of calculations is used as the basis for the formulation of 
equilibrium equations for the next cycle. At a particular cycle of calculations, the 
structure is assumed to behave linearly. In effect, the nonlinear response of the 
structure as a result of geometry changes is approximated by a series of linear analyses. 
Because of the linearization process, equilibrium may be violated and the external 
force may not always balance the internal force. This unbalanced force must be 
reapplied to the structure and the process repeated until equilibrium is satisfied.  
To capture second-order behaviour in the element stiffness relationships, the 
tangent stiffness matrix, which is derived from energy principle, is used in USFOS. 
The structural geometry is updated at the end of each linearized solution step and 
hence the stiffness matrix.   
Material non-linearity is modelled by plastic hinges at element mid-span and 
element ends. The plastic hinge model, which is formulated according to the bounding 
surface plasticity concept, represents the inelastic cross section behaviour by 
considering the interaction of axial force and bi-axial bending.  
The initial yield surface represents the initial yielding of the cross section and is 
assumed to be a scaled down version of the bounding surface, which represents the full 
plastification of the cross section. Both surfaces can translate without rotation in the 
stress-resultant space (El-Tawil and Deierlein, 2001). The gradual translation of the 
initial yield surface towards the bounding surface provides a smooth transition from 
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initial yield to full plastification of the cross section. The initial yield surface and the 
bounding surface are allowed to contract at different rates reflecting the degradation of 
cross-section capacity due to increasing temperatures (Figure 2.5). The averaged 
temperature at beam-column axis ( oT∆  in Equation 2.4) is used to construct the 
bounding/yielding surface at elevated temperatures. 
The program considers various thermal effects at elevated temperatures 
including the reduction in yield stress, reduction in elastic modulus, thermal expansion 
and thermal bowing when there is temperature gradient across the cross section.   
The full details of the theory of FAHTS and USFOS formulations are available 
in the works by Holmas (1995) and Soreide, et al. (1994). 
 15







2 4-node quadrilateral 
























Figure 2.2 Equivalent incremental temperature in FAHTS 
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          Figure 2.3 Twelve-DOF beam-column element with force and displacement     
















































       Figure 2.5 Contraction of initial yield surface and bounding surface at elevated  




SIMULATION OF NATURAL FIRES 
3.1 EUROCODE PARAMETRIC FIRES 
The parametric fires recommended in Eurocode 1 Part 1-2 (CEN, 2001a) provide 
a simple means to take into account the most important physical phenomenon that will 
influence the development of a fire in a particular building compartment. From 
empirically derived equations, a temperature-time curve can be produced for any 
combination of fire load, ventilations and boundary materials. A spreadsheet has been 
developed to derive the temperature-time curves and is illustrated in Appendix A.  
Parametric fires are based on the hypothesis that the temperature is uniform in 
the compartment, which limits their field of application to post-flashover fires in 
compartment of moderate dimensions. They nevertheless constitute a significant step 
forward towards the consideration of the real nature of a particular fire when compared 
to the ISO standard fire. The simple expressions of parametric fires are also easy to use 
in practical design.    
When using Eurocode parametric curves, the following limitations should be 
observed: 
(1) The floor area of a fire compartment is up to 500 2m , without openings in 
the roof and for a maximum compartment height of 4 m. 
(2) It is assumed that the fire load of the compartment is completely burnt out. 
(3) Limits on thermal absorptivity of the enclosure surface (b = ρcλ ): 100 ≤ b 
≤ 2000 , where ρ , c and KsJ/m 1/22 λ  is the density, specific heat and 
thermal conductivity of the enclosure surface material, respectively.  
(4) Limits on opening factor O (O = teqv A/hA ): 0.02 ≤ O ≤ 0.20 1/2m , 
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where  is the total area of vertical openings on all walls;  is the 
weighted average of window heights on all walls and  is the total area 
of enclosure (walls, ceiling and floor including openings). 
vA eqh
tA
(5) Limits on fire load density : 50 ≤ ≤ 1000 , where  is 




The application of parametric fire curves is illustrated in the flowchart in 
Appendix A and is explained in detail in the following section.  
3.2 HEATING PHASE 
The Eurocode equation for temperature T (°C) during the heating phase is:  
   (3.1) )e472.0e204.0e324.01(132520T
*t19*t7.1*t2.0 −−− −−−+=
where  is a fictitious time given by  *t
Γ= .tt *      (3.2) 




)b/O(=Γ      (3.3) 
 The opening factor O and thermal absorptivity b are defined in section 3.1. Γ is 
the empirically derived time factor as a function of the opening factor O and the 
thermal absorptivity b. Increasing the opening factor O would lead to a shorter but 
more severe fire. When O is equal to 0.04 and b is equal to 1160, Equation (3.1) 
approximates the standard fire curve ISO-834.  
3.2.1 Duration of Heating Phase 
Depending on whether the fire is fuel controlled or ventilation controlled, the 
duration of the heating phase (hr) is given as: maxt
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For slow fire growth rate,  = 25 minutes; for medium fire growth rate,  = 20 
minutes and for fast fire growth rate,  = 15 minutes. Fire growth rate is classified 
according to the time needed to reach a rate of heat release (RHR) of 1 MW (CEN, 
2001a). Transport public spaces are assumed to have a slow fire growth rate where the 
time needed to reach RHR of 1 MW is 600 secs. The time required to achieve 1 MW 
RHR in dwellings, hospital rooms, hotel rooms, offices and classrooms of school is 
300 secs (medium fire growth rate). Libraries, shopping centres, theatres and cinemas 
have a fast fire growth rate and the time needed to reach 1 MW RHR is 150 secs.  
limt limt
limt
In the case of a fuel-controlled fire,  is given by . If  is given by 
, the fire is considered to be ventilation controlled. The introduction of 
 is to avoid unrealistic very short fire durations when the ratio between the fire load 
and the opening factor decrease. Any object or fire load needs a certain amount of time 





3.2.2 Fuel-Controlled Fire  
When a fire is fuel controlled, i.e.,  , used in Equation (3.1) is 
replaced by:  
maxt  = limt
*t
lim
* .tt Γ=      (3.5) 
with 
22
limlim )1160/04.0/()b/O(=Γ  and =limO limdt,3 /tq100.1 −×   (3.6) 
The limiting opening factor  is to slow down the fire in case of large 
openings and to reduce the temperature level, because not all the air entering through 
the openings is used for combustion (Franssen, 1997). 
limO
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When a fire is fuel controlled and large openings are present, the heat produced 
by the fire will be evacuated outside by mass transfer between the compartment and 
the exterior, which tends to further limit the temperature rise in the compartment. To 








04.0O(1k d,t −−−+=    (3.7) 
if O > 0.04 and   < 75 and b < 1160,    d,tq
     (3.8) 22limlim )1160/04.0/()b/O(k=Γ
3.3 COOLING PHASE 
The temperature-time curve during the cooling phase is given by: 
     for   ≤ 0.5 
    for    0.5 <  < 2.0 
     for   ≥ 2.0 














Γ= .tt * ;  ( ).Γ     (3.10) *maxt = /Oq100.2 dt,3−×
x = 1.0   if     (3.11) limmax tt >
x =   if *maxlim t/.t Γ limmax tt =     (3.12) 
The decay rate implied by Equation (3.9) is plotted in Figure 3.1.    
3.4 MULTIPLE LAYERS OF MATERIALS 
The above equations of the parametric fire curves assume that the walls, floor 
and ceiling of the fire compartment are made from the same single layer of material. 
The Eurocode gives formulas for an enclosure surface made up of two layers, with 
material 1 directly exposed to the fire and material 2 protected by material 1. The 
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thickness of the two layers are  and  respectively and the thermal properties b 
=
1s 2s
λρc  are called  and  respectively.  1b 2b
If a heavy material is insulated by a lighter material such that 1b  < , the 
property of the lighter material in layer 1 should be used so that b = b
2b
1. If a heavier 
material is exposed to the fire and protects the inner lighter material such that 1b  > , 
then the b value depends on the thickness of the heavier material and the time of the 
heating period of the fire.  
2b




λ3600ts =     (3.13) 
where  is the time of the heating period of the fire (hr) and is given by Equation 
(3.4). If  > , b = ; if  < , then b = 
maxt
1s lims 1b 1s lims 2lim11lim1 b)s/s1(b)s/s( −+ .  
3.5 DIFFERENT MATERIAL IN WALLS, CEILING AND FLOOR 







∑      (3.14) 
where Aj is the area of enclosure surface j, opening not included, and bj is the thermal 
property of enclosure surface j.  
3.6 EFFECT OF ACTIVE FIRE FIGHTING MEASURES ON FIRE LOAD 
DENSITY 
The effect of active fire fighting measures on the fire development is considered 
on a probabilistic basis in Eurocode Annex E (CEN, 2001a). The design fire load 
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density  per uint floor area (MJ/m²) is defined as a function of the characteristic fire 
load density , the combustion factor m, and three partial factors, ,  and :     
df,q
kf,q q1γ q2γ nγ
nq2q1kf,df, .γ.γ.m.γqq =        (3.15) 
where  is dependant on the type of occupancy. m is a function of the occupancy 
and the type of fire load. It can be assumed as 0.8 for mainly cellulosic materials.  
and  are the partial factor taking into account the fire activation risk due to the size 




nγ  is the product of ten partial factors taking into account the different active fire 
fighting measures, such as sprinkler, detection, automatic alarm transmission, firemen, 
safe access routes etc. The more fire fighting measures there are, the smaller the design 
fire load density is. This is demonstrated in the following example.    
3.7 EXAMPLE 
Figure 3.2 shows an example of Eurocode parametric fire curves plotted for a 
range of fuel loads at an opening factor O of 0.04 1/2m . Two types of construction are 
considered, namely concrete and gypsum, showing the significant dependence of fire 
temperature on the thermal properties of the bounding materials. The fire loads are 
400, 800 and 1200 MJ per 2m  of floor area (equivalent to 91, 182, 273 MJ per 2m  of 
total area), for a room 5×5 m in plan and 3 m high. The materials are normal weight 
concrete (b = 1900 ) and gypsum board (b = 1033 ).  KsJ/m 1/22 KsJ/m 1/22
Figure 3.3 and 3.4 are plotted for the enclosure surface containing one layer of 
normal weight concrete (b = 1900 ). For each plot in Figure 3.3, the fire load 
is kept as constant and the opening factor O varies from 0.02 to 0.2 
KsJ/m 1/22
1/2m . For each plot 
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in Figure 3.4, the opening factor O is kept as constant and the fire load varies from 75 
to 500 MJ per 2m  of  total area. 
3.7.1 Constant Fire Load Density with Different Opening Factors 
As shown in Figure 3.4, with an increase in opening factor, the maximum 
temperature that can be achieved first increases when the fire is ventilation-controlled. 
At a “critical” opening factor, fire changes to fuel-controlled and there is a 
considerably large drop of the maximum temperature. Beyond this critical value, 
further increase of opening factor has no effect on the maximum temperature. Figure 
3.4 indicates that for each level of fire load density, there is a “critical” opening factor. 
The larger the fire load, bigger the critical opening factor is. The time required for 
cooling of  fire shortens as the opening factor increases. 
3.7.2 Constant Opening Factor with Different Fire Load Densities 
When the opening factor is kept constant, the larger the fire load, the higher the 
maximum temperature and the longer the time needed for burning. At the same 
opening factor, fires with low fire load tend to be fuel-controlled and the number of 
fuel-controlled fires increases with the increase of the opening factor. 
3.7.3 Effect of Active Fire Fighting Measures  
In Figure 3.5, the fire curves with and without consideration of active fire 
fighting measures are compared. It is assumed that automatic fire detection and water-
extinguishing system like sprinkler are installed (  = 0.61,  = 0.87), which leads 




























































Figure 3.2 Parametric fire curves for different surrounding materials  
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qt,d = 500 MJ/m
2
Figure 3.4 Parametric fire curves for different opening factors 
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without fire fighting measures
with fire fighting measures
qt,d = 200 MJ/m
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Figure 3.5 Fire curves with and without active fire fighting measures 
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CHAPTER 4   
VERIFICATION STUDIES 
4.1 NUMERICAL ANALYSIS ASSUMPTIONS 
The verification of the proposed method constitutes two parts: verification on the 
heat transfer analysis and verification on the structural analysis. The first part is to 
examine the accuracy of the prediction of steel temperatures for members subjected to 
fire. Parameters adopted in the heat transfer analysis such as the coefficient of 
convection, the emissivity of steel and flame are thus important. The second part is to 
verify the prediction of the structural response of the member and frame at elevated 
temperatures. Material models of the steel and the numerical procedures to consider 
the second-order effect and material nonlinearity are hence vital in order to accurately 
predict the structural behaviour and the deformation-time characteristics.  
4.1.1 Coefficient of Convection and Emissivity 
Convective heat transfer is proportional to the temperature difference between 
the steel plate,  and the environment gas temperature . The rate of convective heat 





     (4.1) 
where h is the convection coefficient. It depends on several factors (such as fluid 
properties, flow conditions, boundary shapes) and is not easily determined. However, 
due to the relatively insignificant role played by convection compared to radiation in 
post-flashover fires, Eurocode 1 Part 1.2 (CEN, 2001a) recommends constant 
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convective heat transfer coefficients of 25  for the standard ISO fire and 50 
 for the hydrocarbon fire.  
Km/W 2
Km/W 2
In the heat transfer analysis using FAHTS, the net radiation flux from the steel 





    (4.2) 
Here,   is the Stefan-Boltzmann’s constant.  is the 
emissivity coefficient of the steel surface and 
81067.5 −×=σ 42Km/W mε
fε is the emissivity coefficient of the 
flame. The emissivity coefficient is equal to unity for a perfectly black body, but less 
for all other bodies.  is the absorption coefficient of steel surface. The latter term in 
the parentheses represents the fraction of emitted energy from the flame that is 
absorbed by the steel surface. It is normal to assume grey body condition, in which 
case the emissivity coefficient of the steel surface is equal to its absorption coefficient 
and thus 
mα





    (4.3) 
The convective heat transfer plays a significantly larger role for moderate 
temperature, while radiation dominates the response at high temperatures, since it is 
proportional to the . In general, towards the end of a standard fire resistance test, 
most of the heating of the specimen is due to radiation. It has been suggested that 
current recommendation of convective coefficient h = 25  is adequate and 
there is no urgency to seek a better value (Kay, et al., 1996).  
4T
Km/W 2
In ENV 1991-2-2 (BSI, 1996), the radiant heat flux to a specimen in a standard 





    (4.4) 
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where is the resultant emissivity and is commonly approximated as . Kay 
et al. (1996) have shown that 
rε mfr εε=ε
fε  and mε  both have values of about 0.8 ( ). 
Eurocode 3 Part 1.2 (CEN 2001b) recommends 
64.0r =ε
0.1f =ε  and 7.0m =ε  ( ) for 
the simplified calculation of temperature development of unprotected steel.  
7.0r =ε
According to ENV 1991-2-2, the total heat flux to a specimen during a standard 
fire resistance test is:  
r,netrc,netcnet hhh
••• γ+γ=     (4.5) 
where cγ  and rγ  are contribution factors arising from the fact that although the 
relevant test codes specify the same control temperature, the heat flux experienced by 
the test specimen is dependent on the form of construction of the furnace, the location 
of the burners relative to the specimen and the type of fuel used. In reality, γ  is a 
curve-fitting factor chosen to ensure the prediction of a heating rate to be in agreement 
with that observed in the testing furnaces.  
In the UK standard fire tests on unprotected steel members sponsored by British 
Steel (Wainman and Kirby, 1998), a value of rγ = 0.45 is found to best fit the 
experiment results (Kay, et al., 1996), showing the significant dependence of the actual 
heat flux received by the specimen on the above mentioned factors. The value of other 
parameters in Equations (4.4) and (4.5) is 25h =  , Km/W 2 0.1c =γ  and 
. This is equivalent to assume 8.0mf =ε=ε 0.1f =ε  and 3.08.08.045.0m ≈××=ε  in 
Equation (4.3) in FAHTS heat transfer analysis. This set of parameters is therefore 
used in the UK standard fire tests verification study later. As no information is 
available for other types of furnace, the resultant emissivity of 0.7 is used in all other 
verification studies and case studies in accordance with Eurocode 3 Part 1.2 
recommendation (CEN 2001b).   
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4.1.2 Mechanical Properties of Steel at Elevated Temperatures 
4.1.2.1 Creep Effect  
At temperature above about 450ºC, steel displays creep phenomena, under which 
the deformation of a steel member under constant loading will increase with time, even 
if the temperatures and stresses remain unchanged. The process proceeds more rapidly 
as the stress and/or the temperature in the member is increased (Figure 4.1). The 
occurrence of creep means that the deformation and collapse behaviour of a steel 
structure in a fire depends strictly on the heating-up program to which it is subjected. 
Thus the rate of stress or strain in a steady-state test and the rate of temperature 
increase in a transient test are governing the development of creep. Figures 4.2, 4.3 and 
4.4 plot the variation of the ultimate strength at elevated temperatures as the ratio to 
the strength at ambient temperature at different stress rates, strain rates, and heating 
rates by changing one parameter at a time while keeping the other two constant.  From 
the figures, it is clear that creep effect is more pronounced at lower stress and strain 
rate and slower heating rate.    
The creep strain can only be directly measured in steady-state tests. It is possible 
to analyse the creep behaviour of structures in which creep is included explicitly based 
on the information obtained from creep tests, but this analysis is a rather complex 
procedure, and with regard to fire behaviour it has hitherto only proved possible to find 
solutions for simple cases such as beams (Thor, 1973; Pettersson, 1976) and columns 
(Eggwetz, 1976). Extension of the method to structures of greater complexity, such as 
framed structures, runs into practical difficulties.  
Same research studies have been undertaken to investigate the effect of the 
heating rate upon the behaviour of a steel structure under fire conditions. The results of 
the research described in Witteveen (1975, 1976) lead to the conclusion that the 
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deformation behaviour and thus the collapse temperature of beams and columns is not 
significantly influenced by the heating-up program, subject to the proviso that the rate 
of heating varies between 5ºC/min (heavily insulated member) to 50ºC/min (non-
insulated member) and the final steel temperature does not exceed 600ºC. Twilt (1988) 
has shown from Pettersson’s work (1976) that the maximum deviation of the critical 
temperature due to creep is approximately 20ºC. Considering the practical heating rate 
mentioned above,  the differences in terms of fire resistance time are only  a few 
minutes. In view of the other uncertainties involved, such a difference is negligible. 
Based on above conclusions and with due regard to the restrictions of the use of 
an explicit creep model, pragmatic models are proposed in which the creep behaviour 
is implicitly incorporated in an approximate way in the set of temperature-dependent 
stress-stain relationships derived from transient-state tests on standard test specimens 
under constant load and subjected a linear rise in temperature (ECCS, 1985). The 
derivation method is described in Witteveen (1975, 1976).  
In ECCS recommendation, the concept of “effective” yield strength is adopted, 
directly relating the residual strength of the steel to the steel temperature. At high 
temperature, steel loses the explicit yield plateau. The idea of the effective yield stress 
is that the stress-stain relationships are truncated at a relatively high strain level, so as 
to define a yield plateau. The way that the effective yield stress is derived from the 
proposed stress-strain relationships is illustrated in Figure 4.5. In the design of 
structures in fire, the strength of members is of major importance and the choice of 
strain limit is not critical to the safety of the structure. However, the choice of strain 
limit will influence the deflection characteristics of the members in fire during plastic 
deformation.  
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4.1.2.2 Degradation of Strength  
ECCS adopts a strain limit of 0.5% at which the stress-strain relations should be 
truncated and it has been found to be too conservative. In EC3: Part 1.2 (CEN, 2001b), 
the strain limit is increased to 2% strain throughout the design of all types of structural 
members. BS 5950: Part 8 (BSI, 1990) has three strain limits corresponding to 
different types of members. A strain limit of 1.5% is used for beams whose protection 
materials remain intact in a fire. A higher strain limit of 2.0% is used for composite 
beams. Lower strain limit of 0.5% is used for slender columns and reflects the 
influence of instability of these members. The apparent higher strength of the 
Eurocode 3 assumption is, however, approximately cancelled by dividing the effective 
yield stress for estimation of the compression capacity by a so-called “adaptation 
factor” of 1.2. The strength reduction factors according to the former ECCS 
Recommendations, EC3 and BS 5950 are presented in Figure 4.6. The design values in 
BS 5950 (1.5% and 2% strain limit) and EC3 are very close as shown in the figure.  
4.1.2.3 Degradation of Elastic Modulus 
Figure 4.7 presents the ECCS and EC3 recommendations for the degradation of 
elastic modulus at elevated temperatures. The elastic modulus given by ECCS is only 
up to 600 ºC. Since steel members such as beams and columns exposed to fire fail in 
the plastic domain, when the plastic strain is usually many times greater than the 
elastic strain, differences, even large differences, in elastic modulus may not be 
important (Cooke, 1998). However, deflection characteristics of the members will be 
affected and this will affect the collapse load due to 2nd-order effects. 
4.1.2.4 Material Model in USFOS  
USFOS adopts the concept of “effective yield strength” for the degradation of 
the strength of steel at elevated temperatures. For two-surface modelling, the size of 
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the bounding surface , corresponding to full cross-sectional plastification, follows 
the reduction curve for the effective yield strength in Eurocode 3 (CEN, 2001b). The 
initial yielding surface is assumed to have the same shape as the bounding surface. The 
size of the initial yield surface is given by the temperature invariant-scaling factor 
(the reciprocal of shape factor). This implies that the initial surface is assumed to 
degrade proportionally to the bounding surface. Because the proportional limit 
decreases faster than the effective yield strength, the size of the initial yield surface is 
exaggerated at higher temperatures (Figure 4.8). However, it is found that “normally 
this is of minor significance” (Skallerud and Amdahl, 2002).  
bZ
yZ  
It is assumed that the creep has implicitly been incorporated into the strength 
reduction curves in Eurocode 3, and when the design is based upon code values, “creep 
does not need explicit consideration” (Skallerud and Amdahl, 2002). This assumption 
can attribute to the fact that the stress-strain curves given in Eurocode 3 are based on 
measurements within a two-hour period at constant temperature and significant creep 
has therefore been present in the material tests. It is then followed that if the 
temperature and load profiles are such that a cross section remains at high temperature 
or is highly stressed for only a short period, the code values may be very conservative. 
Use of more realistic material data, as obtained from specific material tests, may be 
justified.        
The elastic modulus, as mentioned in the last section, has a relatively minor 
effect on the ultimate strength of components and systems. The degradation curve in 
Eurocode 3 (Figure 4.7) is adopted in the analysis.   
4.1.3 Thermal Properties of Steel  
The thermal properties of steel used in the analysis are in accordance with 
Eurocode 3 Part 1.2 (CEN, 2001b). Density of steel is taken as 7850 kg/m³ and the 
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coefficient of thermal expansion is taken as a constant value of , 
which is slightly different from the Eurocode recommendation (Figure 4.9). The 
thermal expansion coefficient is defined as the slope of the thermal elongation as 
shown in the figure. The plateau observed in Eurocode model is due to the phase 
change of steel at about 750 °C. The assumption of constant expansion coefficient has 
little effect on the final result. The variation of specific heat and thermal conductivity 
of steel with temperature is shown in Figure 4.10 and 4.11.  
5104.1 −× K.m/m
4.2 VERIFICATION STUDY I: UNIFORMLY HEATED UNPROTECTED 
STEEL MEMBERS 
Critical temperatures from analysis are compared with those in BS5950: Part 8 
(BSI, 1990) for beams under uniformly distributed load and columns under axial load 
in Table 4.1. The slenderness ratios of the column used in the analysis are 25 and 90. 
The critical temperature for beams is taken at a mid-span deflection of L/20 and the 
critical temperature for columns is taken at the failure of the column symbolized by a 
sudden increase of lateral deflection. The results agree well with each other. 
4.3 VERIFICATION STUDY II: UK STANDARD FIRE TESTS ON THREE-
SIDE HEATED UNPROTECTED STEEL MEMBERS  
Nineteen of UK standard fire tests on unprotected steel members are simulated 
numerically to verify the accuracy of the proposed approach. Eighteen of the tests 
involve simply supported floor beams supporting a concrete slab without composite 
action between the steel beam and the slab. One test is on an unprotected column 
subjected to uniform heating. The test descriptions, records and specimen details are 
available in Wainman (1988). 
4.3.1 Numerical Modelling  
In the heat transfer analysis the coefficient of convection is taken as 25 
. All surfaces except for the upper side of the top flange are exposed to fire of Km/W 2
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same intensity. fε  is taken as 1.0 and mε  is taken as 0.3  as discussed in Section 4.1.1. 
It is also assumed that temperature does not vary along the length of the beam. In the 
structural analysis the temperature-dependent thermal properties, the reduction of yield 
strength and the reduction of elastic modulus of steel at elevated temperatures are in 
accordance with Eurocode 3: Part 1.2 (CEN, 2001b). Two-surface model is adopted in 
USFOS for stress resultants. The size of the yield surface is reduced from the default 
value of 0.87 to 0.5 times the bounding surface to account for early yielding at elevated 
temperature. At ambient temperature, the relative size of initial yield surface and 
bounding surface is determined approximately by the ratio of elastic and plastic section 
modulus of cross sections (or the reciprocal of shape factor). For I or H type of cross-
section, the ratio is 0.87; for box type, the ratio is 0.83 and for tubular cross-section, 
the ratio is 0.79. At elevated temperatures, this ratio is reduced due to early yielding. 
The ratio should be calibrated to the measured material property taken as the ratio 
between measured yield to ultimate stress. In lieu of absence of test data, the ratio of 
the proportional limit strength to the effective yield strength at elevated temperatures 
in Eurocode 3 can be used as reference. This ratio varies between 0.33 to 0.46 between 
400ºC and 800ºC. Thus the value of 0.5 is reasonable.  
4.3.2 Results & Discussion 
Generally the analysis gives good prediction of the steel temperature 
development with the assumed heat transfer parameters (Figure 4.12 a-s). The 
estimated critical time differs from the test result by –25 to 28% (but with majority 
between –15 to 15%, approximately –8 to 8 minutes) at failure criterion of a mid-span 
deflection of L/30 (Table 4.2). The critical temperature corresponding to the critical 
time is only –5 to 8% different from the test. It has been found that in some cases 
(Tests 14, 91, 92 and 93), although the temperature prediction is extremely good, the 
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predicted deflection characteristic and critical time differs considerably. The 
discrepancy is possibly resulted from the assumed mechanical properties of the steel 
due to lack of material test data. In the analysis, the strength reduction of steel at 
elevated temperatures follows the reduction curve for effective yield strength in 
Eurocode 3 throughout. It can be anticipated that if more accurate material properties 
are used in the simulation, the analytical prediction can be further improved, though in 
general, the numerical prediction has been found to be satisfactory.   
It is also interesting to note that the load ratios of the four tests (Tests 14, 91, 92 
and 93) are the lowest (0.25, 0.34, 0.05 and 0.09, respectively) among the all. 
However, the normal range of the load ratio encountered in practice for a typical 
member in fire is between 0.5 to 0.7. There are some approximations in the analysis 
method. For example, the shape of the initial yielding surface is exactly the same as the 
shape of the bounding surface with reduced size. At elevated temperatures, it is 
assumed that the contraction of the yielding surface is proportional to that of bounding 
surface. The approximations at elevated temperature thus become even greater. When 
the load ratio of members is low, it requires more heat to bring the members to failure 
and the analysis results are more sensitive to the approximations in the analysis. The 
inherent limitations of concentrated plastic hinge analysis as compared to spread-of-
plasticity analysis may also have some influence on the analysis results. However, as 
can be seen from this verification study, the simulation results agree well with the test 
results in general at normal range of load ratios that can be expected in reality.    
4.4 VERIFICATION STUDY III: MEMBERS WITH PASSIVE FIRE 
PROTECTION 
This verification study is concentrated on the temperature prediction of protected 
steel members.  
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4.4.1 Spray-applied Fire Protection 
Bardell (1983) has conducted tests to evaluate thermal properties of two types of 
spray-applied fire resistive coatings, namely, cementitious coating and mineral-fibre 
coating. These two materials were then applied as contour encasement on unloaded 
hollow structural steel columns with unusually thick coatings of about 40 mm and 60 
mm. Fire resistance tests according to ASTM E119-81 were performed on the 
protected columns and the temperature rise of the steel column with time were 
recorded. The column is of circular hollow section of 141.3mm outer diameter and 
6.35mm wall thickness. The measured thermal conductivities of the two insulation 
materials are used in the analysis and are shown in Figure 4.13. The measured specific 
heat values are plotted in Figure 4.14. 
Four tests are simulated using FAHTS. Figures 4.15 and 4.16 show the 
experimental results of steel temperature change with time compared with those 
predicted by thermal analysis.  
For coatings of 40 mm thickness, the analysis prediction lies closely with the test 
results. The prediction of steel temperature is considered to be very reasonable as the 
protection thickness is not evenly applied along the column length and an average 
thickness is used in the analysis for the whole length of the member.  
For columns coated with cementitious material (Figure 4.16), particularly that 
with a 60 mm thickness, they contained free and hydrated water. Evaporation kept 
steel temperatures on a plateau of approximately 95ºC for 45 mins. A shorter plateau 
may be observed in Figure 4.15 as well. However, the presence of water is not 
accounted for in the analysis, which leads to the discrepancy between the measured 
and predicted time-temperature curves at a temperature of about 100°C, particularly 
for thicker coatings. Another cause of deviation in predicted results is due to the 
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incomplete thermal conductivity data beyond 600ºC as a result of problem in the 
technique used for measurements, which can only be made up to about 600ºC. 
However, most of the protection material was recorded at temperatures above this 
value for the greater part of the fire resistance period. The use of conjectured values of 
thermal conductivity derived from extrapolation of the values at lower temperature in 
thermal analysis is thus not appropriate.    
4.4.2 Board Type Fire Protection 
In this verification study, the Konicek and Lie’s (1973) fire tests on protected 
steel columns under different fire severities are simulated. All specimens were 
protected by 1 in thick Vicuclad boards cemented together and to the steel with an 
adhesive mortar. Figure 4.17 illustrates the details of column encasement. The density 
of the Vicuclad is 432.5 kg/m³; the specific heat is 1256 J/kgK and the thermal 
conductivity is 0.187 W/mK. The columns of 8 ft length were heated vertically in a 
gas-fired furnace under fires of different combination of fire load and opening factor. 
The test program is presented in Table 4.3.  
The recorded furnace temperatures are used in the thermal analysis. The steel 
temperatures were measured on five levels in the vertical direction. Three of them, at 
level 1, 3 and 5 (at a distance of 6, 4 and 2 ft from the bottom, respectively) are plotted 
in Figure 4.18 (a-f) together with the calculated temperature from thermal analysis. 
The analysis assumes uniform temperature distribution along the member length and 
hence only one analysis curve is shown in Figure 4.18 (a-f) .The correspondence 
between analysis and test result is good.  
4.5 VERIFICATION STUDY IV: TWO-DIMENSIONAL FRAMES 
Tang (2001) has studied two frames using the proposed advanced analysis. The 
configuration of the frame and the loading is shown in Figures 4.19 and 4.21. In the 
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first case, Li’s frame (1997), the measured temperature of each member is directly 
inputted into the structural analysis as temperature loading. Figure 4.20 shows the 
calculated and measured horizontal displacement at Nodes A and B. The analysis 
results agree well with the test results.  
In the fire tests carried out by Zhao (1995), Tang (2001) has simulated two 
experiments. The first one is to verify the capability of the advanced analysis to predict 
the temperature increase within the steel member with given furnace temperature and 
the second study is to verify the accuracy of the advanced method to predict the 
structural response. In the second study, the measured temperatures of the members are 
used which vary both along the member length and over the cross-section. Figure 4.22 
shows the temperature prediction at mid-height of the left column, which is rather 
accurate. Figure 4.23 illustrates the excellent correlation between the predicted and 
measured displacements at the two beam-column joints.   
4.6 VERIFICATION STUDY V: THREE-DIMENSIONAL FRAME 
A fire test was carried out on a three-dimensional tubular frame in SINTEF. The 
test details and verification procedures can be found in Skallerud and Amdahl (2002). 
The proposed integrated fire analysis is used for the verification. The frame is a 
representative of steel structural system used offshore. The fire loads applied are 
resemble to actual fire scenarios. Figure 4.24 shows the computer model of the test 
frame. The structure consists of four legs stiffened with braces in vertical and 
horizontal planes. It is meant to represent the upper part of a four-legged jacket. The 
heating system consists of a gas burner supplied by propane fuel to simulate a pool fire 
on the sea surface. The lower horizontal brace is essential for the stability of the 
system. and thus is insulated. The loading girder/support frame is also protected from 
the fire.  
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The test starts by loading the structure up to a nominal level of 300 kN and the 
fire is ignited. For a period of approximately 23 minutes the load is kept almost 
constant. At 23 mins the load is increased in three steps in order to speed up the 
collapse process. Collapse takes place after 26 mins when the load drops suddenly 
from the peak level of 340 kN. The load is then kept at approximately 200 kN for a 
few minutes before a new attempt is made to reload the structure after 30 mins. A 
secondary peak of 235 kN is reached before the frame again starts to deform 
drastically. After a significant deformation, the frame is finally completely unloaded 
after 35 mins, the propane supply is shut off and the frame is allowed to cool. 
The correlation between simulation and test results with respect to the 
mechanical response is found to be extremely good. The predicted primary collapse 
load (345 kN from simulation) agrees well with the test result of 340 kN. It 
acknowledges that “a major contributor to the successful outcome is the specific 
material model adopted. It is derived from the measured stress-strain curves for various 
geometries and leans on the conception that member failure at elevated temperatures 
depends on ultimate stress rather than proportional stress (“yield” stress) due to loss of 
yield plateau” (Skallerud and Amdahl, 2002).  
4.7 CONCLUSIONS 
For the purpose of verification, the input to the analysis such as heat flux and 
material property should reflect the actual test conditions as closely as possible. The 
accuracy of the proposed advanced analysis has been demonstrated through various 
verification studies described above. In reality, however, fire is a very complex and 
highly uncertain event. The associated parameters required for the numerical 
simulation are also uncertain and are difficult to determine. Thus in the subsequent 
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case studies the conservative values recommended by Eurocode are used and are given 
when necessary.  
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Table 4.1 Critical temperature of uniformly heated members 
Critical Temperature (ºC) at load ratio R1  Simply Supported 
Beam in Bending 0.2 0.3 0.4 0.5 0.6 0.7 
BS5950 715 660 620 585 555 520 
Analysis 725 671 629 591 559 527 4-side heated % difference 1.4 1.7 1.5 1.0 0.7 1.3 
Critical Temperature (ºC) at load ratio R2  Column in 
Compression  0.2 0.3 0.4 0.5 0.6 0.7 
BS5950 710 655 615 580 540 510 
Analysis 723 678 641 608 564 529 
4-side 
heated 
λ ≤ 70 % difference 1.9 3.5 4.2 4.8 4.5 3.8 
BS5950 635 635 590 545 510 460 
Analysis 662 649 611 568 529 478 
4-side 
heated 
λ >70 % difference 4.2 2.2 3.5 4.2 3.8 3.9 
 R1 = Mf/Mc  R2 = F/Agpy + Mx/Mcx + My/Mcy
 λ:  slenderness ratio Mf:  applied mid-span moment at fire  
 Mc:  moment capacity at ambient temperature 
 F:  axial force Ag:  cross-section area py:  yield strength 
 Mx and My:  applied major and minor axis moment at fire 




Table 4.2 Critical time and temperature of UK standard fire tests 
Critical Time (min) Critical Temperature (ºC) Test No Load Ratio Test Analysis Error % Test Analysis  Error % 
Test 2 0.50 22.5 20.7 -8.0 660 693 5.0 
Test 3 0.57 22.0 20.6 -6.4 634 682 7.6 
Test 4 0.36 29.0 28.2 -2.8 701 745 6.3 
Test 5 0.61 26.7 22.9 -14.2 647 694 7.3 
Test 6 0.37 22.8 25.9 13.6 737 734 -0.4 
Test 7 0.36 22.3 24.2 8.5 731 743 1.6 
Test 8 0.36 21.3 24.4 14.6 705 742 5.2 
Test 9 0.37 24.2 26.4 9.1 714 734 2.8 
Test 10 0.49 20.5 21.0 2.4 655 709 8.2 
Test 11 0.50 21.4 20.8 -2.8 683 706 3.4 
Test 12 0.53 28.4 29.3 3.2 681 680 -0.1 
Test 13 0.40 25.1 24.3 -3.2 727 736 1.2 
Test 14 0.25 26.4 33.2 25.8 745 791 6.2 
Test 89 0.50 20.0 22.4 12.0 651 692 6.3 
Test 90 0.65 20.7 19.0 -8.2 630 640 1.6 
Test 91 0.34 23.0 29.5 28.3 705 742 5.2 
Test 92 0.05 117.0 109.0 -6.8 1061 1046 -1.4 
Test 93 0.09 75.0 56.4 -24.8 977 932 -4.6 
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Table 4.3 Test program of protected columns (Koniced and Lie, 1973) 







1 W10x49 0.05 3.38 heavy 
2 W10x49 0.05 4.1 heavy 
3 W10x49 0.05 4.5 heavy 
4 W14x136 0.02 4.07 heavy 
5 W12x190 0.1 10.15 heavy 
6 W12x190 0.1 6.76 heavy 
 45
Chapter 4                                                                                            Verification Studies 
 
 
Figure 4.1 Measured creep strain at different stress and temperature levels. Reinforcing 
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Figure 4.2 Predicted ultimate strength versus temperature: steady state, stress-rate 
controlled, Anderberg (1988) 
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Figure 4.3 Predicted ultimate strength versus temperature: steady state, strain-rate-
controlled, Anderberg (1988) 
 
Figure 4.4 Predicted ultimate strength versus temperature: transient state, Anderberg 
(1988) 
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400 ≤ θ ≤ 600 °C
effective yield 
stress levels
Figure 4.5 Stress-stain diagrams of steel at elevated temperatures, showing the 



























BS 5950: Part 8 2% Strain
BS 1.5% Strain
BS 0.5% Strain
Figure 4.6 Reduction of strength of steel at elevated temperatures 
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Figure 4.8 Relative size of yielding an bounding surface for design according to 
Eurocode 3 (Skallerud and Amdahl, 2002)  
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constant thermal expansion coefficient
EC3: Part 1.2






















Figure 4.10 Specific heat of steel as a function of temperature 
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Figure 4.11 Thermal conductivity of steel as a function of  temperature 
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Figure 4.12 (b) Analysis and test results for Test 3 
 
Figure 4.12 (c) Analysis and test results for Test 4 
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Figure 4.12 (e) Analysis and test results for Test 6 
 
Figure 4.12 (f) Analysis and test results for Test 7 
 
















































































































































Chapter 4                                                                                            Verification Studies 
 
Figure 4.12 (h) Analysis and test results for Test 9 
 
Figure 4.12 (i) Analysis and test results for Test 10 
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Figure 4.12 (k) Analysis and test results for Test 12 
 
Figure 4.12 (l) Analysis and test results for Test 13 
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Figure 4.12 (n) Analysis and test results for Test 89 
 
Figure 4.12 (o) Analysis and test results for Test 90 
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Figure 4.12 (q) Analysis and test results for Test 92 
 
Figure 4.12 (r) Analysis and test results for Test 93 
 
















































































































































Figure 4.12 Analysis and test results for 19 tests from Wainman (1988) 
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Figure 4.14 Measured specific heat (Bardell, 1983) 
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Figure 4.16 Analysis and test results for columns protected with cementitious coating 
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Panels of 1 inch 
thick Vicuclad 
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Figure 4.19 Configuration of Li’s frame (1997) 
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Figure 4.20 Predicted and measured horizontal displacements at Node A and B (Tang, 






































Figure 4.21 Configuration of Zhao’s frame (1995) 
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Figure 4.23 Predicted and measured displacements at Node C and D (Tang , 2001) 
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 Loading PositionComputer model of 3-D test frame (Skallerud and Amdahl, 2002) 
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CHAPTER 5 
STUDY ON A SIX-STOREY BUILDING FRAME 
5.1 OBJECTIVES OF STUDY 
The primary objective of this study is to investigate the behaviour of a three-
dimensional frame subjected to different natural compartment fire scenarios. Secondly, 
it is of interest to compare the computed results with those from the conventional 
approach based on ISO standard fire curve. Finally, the design considerations for 
multi-storey frames and the limitations of the proposed advanced analysis method are 
discussed.  
5.2 DESCRIPTION OF FRAME AND LOADING 
Figure 5.1 shows a six-story unbraced building frame to be analysed under fire 
attack. This frame is studied  by Liew et al. (2000) at ambient temperature. In their 
study, the loads are only applied at beam-column joints. In the present study, the loads 
are distributed to beams and then transferred to columns. The behaviour of both beams 
and columns in fire is considered.  
The building is a rigidly connected steel frame with no consideration of rigid 
diaphragm action. There is no composite action between the steel beams and the 
concrete floor slab.  The floor beams are assumed to be heated from three sides and the 
concrete slab acts as a heat sink drawing heat away from the steel beam. The columns 
are subjected to uniform heating.  
A36 steel is used for all the beam and column sections. The strength degradation 
of steel at elevated temperatures follows Eurcode 3 (CEN, 2001b). The various 
structural actions considered are: 
Permanent action : Dead load ( )   3.6  kG 1,kG
2m/kN
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    Permanent imposed load ( ) 1.9 2,kG
2m/kN
Variable actions :  Imposed load ( )   1.6  kQ 1,kQ
2m/kN
    Wind load ( )  593 kN (in Y-direction) 2,kQ
In the analysis, only the primary beams are modelled. The dead load is 
distributed to the primary beams as uniformly distributed load and point loads coming 
from secondary beams. Each beam is modelled using four elements and each column 
using one element. Wind load is applied in the Y-direction at each story node point. 
The use of more elements per beam is to capture the formation of plastic hinges at 
more possible locations (for each element, plastic hinge can only form at element ends 
and mid-span). It is found that plastic hinge actually forms at 5/8 span of the member, 
which can only be captured using four elements per member. The computational time 
of analyses using one element per member and four elements per member is not much 
different because of relatively simple geometry of the frame. However, for complex 
structure, it would be more efficient to use one element per member while achieving 
reasonable accuracy. 
5.3 ULTIMATE LIMIT STATE DESIGN 
The frame is designed for the ultimate limit state at ambient temperature 
according to Eurocode 3 (CEN, 1992). The worst combination of actions is found to be 
kk Q35.1G35.1 Σ+Σ based on Eurocode 1 (CEN, 1994). It has been found that the 
difference between the ultimate capacity with and without the consideration of rigid 
diaphragm action is less than 5%. The effect of rigid diaphragm action is not 
pronounced in this case because the frame is unbraced with small relative deformation 
of the nodes in plane. Thus the rigid diaphragm action is ignored in subsequent 
analysis. The final size of beams and columns are indicated in Figure 5.1. The cross 
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section dimensions of the members are summarized in Table 5.1. The factored loads 
are proportionally applied until the frame collapse. A total of 20 plastic hinges are 
detected at the frame’s limit load. The limit strength of the frame is reached at a load 
ratio of 1.044, suggesting that the size of beams and columns are adequate under 
ultimate limit state design. 
Figure 5.2 shows the sequence of plastic hinge formation and the deformed 
shape of the frame at its ultimate limit strength at ambient temperature. Plastic hinges 
initially occur in the beams of axis 1. With the increase of loads, plastic hinges spread 
in columns and beams of other axes. As the loads and structure are asymmetrical, 
torsional forces are induced and the frame deforms in a twisting mode. Due to the 
change of the structural plan starting from the fourth story, severe torsional effect is 
induced and more plastic hinges occur in the beams and columns of the fourth story. 
When three hinges form at the top of the three columns of the fourth story, the frame 
loses its torsional resistance and collapses. The load-displacement curve of node A 
along the global Y-axis is plotted in Figure 5.3.  
5.4 FIRE LIMIT STATE DESIGN 
At the fire limit state, which is treated as an accidental situation in Eurocode, the 
design effect of the actions is expressed as (CEN, 1994): 
     2,k21,k1kt,d,fi QQGE ψ+ψ+=     (5.1) 
where ,  are factors due to the probability of loads acting individually or in 
combination. Depending upon which variable load is the dominant action, two load 
combinations are possible under fire limit state:  
1ψ 2ψ
 Load combination 1: NLQ5.0GG 1,k2,k1,k +++ (Notional Load) 
 Load combination 2: 2,k1,k2,k1,k Q5.0Q3.0GG +++  
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In load combination 1, notional load is taken as 0.5% of the factored gravity load 
at each story. In both cases, the structure is subjected to combined static load first, 
followed by the fire.  
5.5 FIRE SIMULATION 
Natural fire is simulated based on parametric fire recommended in Eurocode 1 
(CEN, 2001a). The building category is classified as office type with a fire load 
density of  = 420  (per floor area). The design fire load is defined as k,fq
2m/MJ d,fq
 n2q1qk,fd,f ...m.qq γγγ=      (5.2) 
m is the combustion factor and is assumed as 0.8; 1qγ  is the partial factor taking 
into account the fire activation risk due to the size of the compartment. For floor area 
from 25 m2 up to 250 m2, 1qγ  is equal to 1.5 (in this case the floor area  is 53.5 mfA 2). 
2qγ  is 1.0 for occupancies such as office, residence and hotel. nγ  = 0.78 is adopted 
assuming that suppression and detection system is not installed and an offsite fire 
brigade is available. The design fire load  is thus computed as 393 , which 
is equivalent to 98 per total area ( ). Concrete (b = 1900 ) is 
assumed as the boundary material of the fire compartment. A plot of fire curves with 
opening factor (OF) ranging from 0.02 to 0.20 is shown in Figure 5.4. The fire at an 
opening factor of 0.04 corresponds the most severe fire scenario with a maximum 





If active fire control systems such as automatic fire detection (by heat, 
87.03n =γ ) and suppression ( 61.01n =γ ) are available in addition to the offsite fire 
brigade, the partial factor nγ  can be further reduced to . 
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when assuming no active measures. Figure 5.5 shows the new plot of fire curves. The 
maximum temperature that can be reached is 423 ºC (OF = 0.02) comparing to 714 ºC 
in the earlier case.  
Since the strength of steel only starts to degrade at 400 ºC according to Eurocode 
3 (CEN, 2001b), the fire will not cause much damage to the structure if active fire 
control measures are installed. To examine the structural behaviour of the frame in a 
well-developed fire, active fire control measures are assumed not available and the 
most severe fire corresponding to an opening factor of 0.04 is adopted in the 
subsequent analysis.   
5.6 FIRE SCENARIOS, RESULTS AND DISCUSSIONS 
The fire compartments with the most critical columns are identified based on the 
load ratio of the columns. Two fire compartments are considered as shown in Figure 
5.6. The columns in compartment 1 (ground floor) are most heavily loaded and the size 
of columns reduces at compartment 2 (fourth floor).   
5.6.1 Fire Occurs at the First Story 
5.6.1.1 Case 1: All Beams and Columns are Unprotected 
Temperature development in the heated beams and columns with time are plotted 
in Figures 5.7-5.10. Beams and columns start to lose their strength when temperature 
reaches 400 ºC. Columns 1 and 4 reaches 400 ºC at about 17 mins and columns 2 and 5 
reaches 400 ºC at about 19 mins. Temperature distribution across the depth of beam is 
non-uniform due to the heat sink effect of concrete slab drawing heat away from the 
steel beam. Figures 5.8-5.10 plot temperature development at beam lower flange, web 
and upper flange with temperature data from heat transfer analysis program FAHTS 
using finite elements. The lower flange temperature is about 200 ºC higher than that of 
upper flange. The equivalent mean temperature at beam-column axis used in structural 
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analysis program USFOS, is also plotted in the figures. This mean temperature is used 
to construct the yielding and bounding surface at elevated temperatures and to 
calculate the degradation of beam strength with temperature. At about 15 mins, beams 
7 and 9 reach 400ºC. Beams 11 and 12 reach 400ºC at about 18 mins and 20 mins, 
respectively. 
When all members are left unprotected, it is found that load combination 2 is 
more critical as the structure fails at a critical time of 32.8 mins while it can survive the 
fire attack under load combination 1. The deformed shapes of the structure under fire 
for each load combination are shown in Figure 5.11.  It can be seen that the expansion 
of the frame is more even under load combination 1 while the frame under load 
combination 2 deforms toward the positive Y direction due to the wind load.  
Figures 5.12 and 5.13 plot the axial forces of the four columns under different 
load combinations. When the frame is subjected to load combination 2, wind load in 
Y-direction causes larger axial force in the leeward columns 4 and 5 (Figure 5.13). 
While the axial force in the columns of the same size (columns 1 and 4, 2 and 5) is 
almost the same under load combination 1 (Figure 5.12). The behaviour of the frame 
under load combination 2 is discussed in detail below.  
Figure 5.14 plots the changes of bending moments with temperature at the top 
and bottom of the four columns under fire attack. My and Mz are local major and minor 
axis bending moments, respectively. Initially, the wind load is resisted mainly by the 
flexural rigidity of the rigid connected columns at the bottom. The resulting My at the 
bottom of the four columns is acting in the same direction. Under fire attack, all the 
beams and columns in the fire compartment expand. The expansion of beams in the Y-
direction produces opposite My at the bottom of the windward and leeward columns, 
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marked by decreasing My in columns 1 and 2 and increasing My in columns 4 and 5 
(Figure 5.14 a-d).  
The moment-axial-force trajectories at the top and bottom of the four columns at 
different stages of heating are plotted in Figure 5.15 (a)-(d) showing the interaction 
between the normalized major axis bending moment and axial force. Yielding was first 
detected at the end of beam 11 (the smallest beam in the Y-direction) due to the 
combined bending moment and axial compressive force arising from the end restraint 
from the adjacent members. This is followed by yielding at the end of beams 12 and 9. 
With relatively high axial force and bi-axial bending moments in the leeward columns, 
initial yielding occurs at the bottom (5.97min, 128ºC) and the top (7.10min, 152ºC) of 
column 4. Upon further heating, moment in columns 1, 2 and 5 continues to increase 
as a result of beam expansion.  As the size of column 1 is smaller, yielding first occurs 
at the top of this column (7.94min, 170ºC, Figure 5.15a). This is soon followed by 
yielding at the bottom of column 5 (8.52min, 148ºC). When the ends of column 4 
gradually reach the fully plastic state, column 4 effectively becomes a leaning column 
and it does not contribute to the lateral-load resistance of the structure. The 
redistribution of forces and continuing heating cause the subsequent yielding of the top 
of column 5 (12.25min, 216ºC, Figure 5.15b) and full plastification occurs at the top of 
column 1 (13.07min, 287ºC). Initial yielding is observed later at the top of column 2 
(16.75 min, 337ºC). 
When the temperature in the smaller columns 1 and 4 reaches 400ºC (17.26min), 
the yield and bounding surfaces start to contract due to the degradation of steel 
strength.  In order for the force state to stay on the yield surface, the plastic moment 
capacity at the existing yield hinges in columns 1 and 4 has to be reduced. The bending 
moment thus reaches the maximum value at 400ºC as illustrated in Figure 5.14 (a) and 
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(c). Under the combined effect of strength degradation and increasing moment 
resulting from beam expansion, the bottom of column 1 soon yields (19.43min, 463ºC, 
Figure 5.15c). At this time, temperatures in columns 2 and 5 also reaches 400ºC, 
initiating the contraction of the two surfaces. Bending moments in the two columns 
also start to decrease as can be seen from Figure 5.14 (b) and (d). Eventually, the top 
and bottom ends of column 5 reach fully plastic state (21.29min, 459ºC). At this point, 
the lateral stiffness of the leeward columns (column 4 and 5) is lost, resulting further 
frame deformation towards the direction of wind. The direction of My in the windward 
columns is initially controlled by beam expansion in the direction of negative Y-axis. 
As a consequence of increasing overall deflection in the positive Y-axis direction, My 
in columns 1 and 2 changes sign, accelerating the decrease of moment due to strength 
reduction. As a result, unloading occurs at the existing hinges in column 1 and 2. As 
the frame further deforms upon heating, the bottom of column 1 again reaches the 
initial yielding surface (24.62min, 595ºC, Figure 5.15d), but in the opposite moment 
direction. About seven minutes later, the bottom of column 2 and the top of column 1 
also yield due to continuing heating, jeopardizing the overall stability of the frame and 
column 4 buckles. When the bottom end of column 2 is fully plastified (32.82 min, 
632ºC, Figure 5.15e), overall frame stability can no longer be maintained and the 
frame collapses.  
Although there are also plastic hinges formed at various beam locations along the 
course, a kinematic failure mechanism in the classical sense does not exist in any of 
the beams. The formation of plastic hinges at beams will certainly affect the force 
redistribution between columns and within the system. Since what is of importance is 
the effect of the force redistribution on the behaviour of the critical columns, the 
formation of plastic hinges in the beams are not discussed herein to avoid confusion. 
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As a summary, it is the loss of stiffness of the four columns that triggers the 
progressive collapse of the frame under fire. Due to the inherent redundancy of the 
frame, the main force redistribution mechanism in this example is by diverting 
additional forces due to heating from plastified members to neighbouring members. 
This can be observed from the successive loss of stiffness of the four columns, from 
heavily stressed columns 4 and 5, to less loaded column 1 and finally the largest 
column, column 2. The effect of fire is to accelerate the formation of plastic hinges due 
to the degradation of steel strength and thermal expansion.  
5.6.1.2 Case 2: All Columns are Protected and All Beams are Unprotected 
As columns are critical members under load combination 2 in case 1, in this 
study, all four columns are protected and assumed to remain at ambient temperature 
with no strength and stiffness reduction. This is only a theoretical idealisation and the 
neglect of column thermal expansion will no doubt change the formation sequence of 
plastic hinges and temperature-deflection histories. The case with realistic fire 
protections including effects of thermal expansion are discussed later. 
 When columns are protected, in contrast to the runaway deflection of the four 
columns when approaching failure in case 1, the displacement of the column head in X 
and Y-direction is greatly reduced (see Figure 5.16 and 5.17). There is no global 
failure of the frame observed. 
When columns are protected from fire under load combination 1, analysis 
terminates at 27.6 mins due to out-of-plane instability of beam 7. It is signified by a 
negative determinant of tangential stiffness matrix resulting from a negative diagonal 
term in the equation corresponding to Y-translational degree of freedom of beam 7 
mid-span.  It is found that minor axis bending (Mz) has developed resulting large out-
of-plane displacement (Figure 5.18). Similar behaviour can be found in beam 9 (Figure 
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5.19). In reality, beams are restrained laterally by floor slabs and further investigations 
are carried out considering the restraining effect of slabs. Before the discussion of 
analysis results with the modelling of slabs, some observations and findings from 
current study are discussed below.    
Comparing with the case when all columns are left unprotected, the cold 
protected columns in case 2 provide greater restraint to the expansion of beams and 
produce higher axial forces in four connecting beams (Figure 5.20 and 5.21). The 
increase of axial force is more significant in beams 11 and 12 than beams 7 and 9. The 
“weaker” and “flexible” beams 7 and 9 are able to relieve the axial force by deflecting 
vertically and laterally. This explains the large increment of displacement in Figures 
5.18 and 5.19 when columns are protected. The increases in lateral and vertical 
displacements in “strong” beams 11 and 12 are comparatively much less (Figures 5.22 
and 5.23) and axial forces build up significantly in these two beams. The large 
deflections of beams 7 and 9 bring the adjacent columns inward in X-direction while 
the column head displacements of four columns in Y-direction do not change much 
(Figure 5.24-5.27) due to “strong” beams 11 and 12. The additional minor (Mz) and  
major (My) axis bending moments exerted on four columns by beams when columns 
are protected can be observed in Figure 5.28 and 5.29, with higher increase of My 
because of larger increase of axial forces in beams 11 and 12.  
Figures 5.30 and 5.31 plot the mid-span and ends major axis moments of beams 
9 and 12. Similar trends can be found in beams 7 and 11. It is observed that mid-span 
moments of four beams change from initial sagging moment under gravity load to 
hogging moment upon heating. This is due to thermal bowing of the beam as a result 
of non-uniform temperature distribution across beam depth. The differential 
compressive restraint forces from adjacent columns due to non-uniform expansion at 
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top and bottom of the beam produces huge hogging moment at beam ends. Though 
beam continues to deflect downwards, the effect of thermal bowing is greater than the 
combined effects of gravity load and second-order moment (which produce sagging 
moment at mid-span) and mid-span moment becomes hogging moment after a few 
minutes upon heating.  
Some important observations from above studies on the behaviour of a complete 
structure in fire are summarised herein. The simulation of non-uniform temperature 
distribution in member is important in order to capture the secondary forces generated 
due to thermal expansion and bowing. The studies reveal that by protecting structure 
locally can change relative stiffness of beams and columns and degree of restraint to 
thermal effects. The additional secondary forces induced on beams and columns can be 
significant but are currently overlooked in the conventional design based on 
component approach. It is also observed that “strong” members will attract more forces 
while “weaker” members are able to relieve the thermally induced stresses by allowing 
for more deflection. Therefore, to provide an efficient fire protection scheme to a 
structure, it is necessary to consider the interactions of members in a structure during 
fire and take into account the thermally induced forces and displacements.   
As analysis terminates prematurely due to beam out-of-plane instability, further 
studies are carried out considering the presence of floor slabs. In these studies, floor 
slabs are modelled using four-node membrane elements which can only take in-plane 
tensions and compressions without consideration of tension crack. The artificial 
membrane elements are only meant to provide lateral restraint to beams, though they 
do not simulate the actual behaviour of concrete slabs nor the composite actions 
between slabs and beams. This will inevitably affect the behaviour of members and all 
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analyses are repeated with the modelling of “artificial” slabs to have a common 
comparison ground. A plot of structure with slabs is shown in Figure 5.32.    
When all members are left unprotected, the structure can survive the fire attack 
under load combination 1. However, it fails at 35.3 mins under load combination 2, 
comparing to 32.8 mins without modelling of slabs. When four columns are protected 
from fire, the structure survives under both load combinations. The mid-span vertical 
deflections and major axis bending moments of beams 9 and 11 are plotted in Figures 
5.33-5.40, together with column 4 head displacements and bending moments for all 
cases. The failure mode of the unprotected frame under load combination 2 with the 
presence of slabs is similar to the case without modelling of slabs where the failure is 
triggered by column instability. Runaway deflections of column heads can be observed 
in both cases (Figure 5.37 and Figures 5.16-5.17). When columns are protected from 
fire, the columns head displacements are greatly reduced and the structure survives.  
Under both load combinations, beam mid-span deflections and axial forces 
increase considerably when slabs are modelled (Figures 5.33-5.34, 5.37-5.38). The 
compressive forces develop quickly in the beams upon heating because initially the 
beams have to mobilize the deformation of slabs before they can deflect further. The 
beam mid-span deflections are rather small during this phase as can been seen from 
Figure 5.33 and 5.37. Once the beams start to deflect further, the compressive forces 
are gradually relieved. When the fire enters cooling phase, large tensile forces are 
generated in the beams as they contract.   
As can be observed from Figure 5.35 and 5.39, the mid-span sagging moments of 
beams first decrease upon heating due to hogging moments induced by thermal bowing 
but then start to increase as the second-order effect gradually succeeds the effect of 
thermal bowing under high axial force and large vertical deflection.  
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Through the actual behaviour of slabs and the composite actions cannot be 
simulated due to limitations of the software, it can be seen from above studies that the 
internal forces generated in the members in a completed structure with slabs can be 
quite different from those in a pure steel skeleton.  
All the cases studied so far are idealized cases assuming no temperature increase 
in the columns when they are protected and thus no thermal expansions. In practice, 
fire protection is applied to the structural elements to slow down the temperature rise 
of the members. However, if the fire lasts long enough, the insulation properties of the 
fire protection may diminish under sustained fire attack and the protected members 
inside the fire compartment may reach the collapse temperature. The fire protection 
itself may also fail mechanically if the deformations of the beams and columns are too 
large and induce cracks in the protection. Therefore both the stickability and strength 
of the fire protection material must be considered to realistically model the protected 
members.  
   In FAHTS, it is assumed that the fire protection will fail mechanically if the 
crack angle, as illustrated in Figure 5.41, exceeds the limit that generally observed in 
the laboratory tests. For non-reinforced insulation material, the limit is 1º to 3º and for 
reinforced material the limit is usually 10º to 15º.  This corresponds to a limiting mid-
span deflection of L/230 to L/77, and L/23 to L/16 for non-reinforced and reinforced 
insulation material.   
Thus next study is to examine the behaviour of the frame when the columns are 
protected with realistic passive fire protection. Slabs are not modelled in the following 
studies. 
The columns are assumed to be protected with sprayed mineral fibre with the 
following properties (ECCS, 1996): 
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  Density :    300    pρ 3m/kg
  Thermal conductivity pλ :  0.12  mK/W
  Specific heat :  1200 kgK/J  pc
  Moisture content p:   1.0% 
The insulation material is non-reinforced and the limit crack angle is taken as 2º.  
When realistic fire protections are applied on to all four columns under load 
combination 2, it is found by iteration that a minimum thickness of 8mm is required 
and no collapse of the frame is observed throughout the fire history. The temperature 
development in protected columns is plotted in Figure 5.42. Columns 1 and 4 reach a 
maximum temperature of 482 ºC and columns 2 and 5 reach 436 ºC.  
In the conventional design approach, the building is normally required to have 2-
hour fire resistance time under ISO standard fire. The critical temperature that the steel 
member can reach is dependant upon the load ratio of the member. The member must 
be protected such that the steel temperature will not exceed the critical temperature 
during the designated fire resistance time. The required fire protection thickness is 
calculated according to Eurocode 3 (CEN, 2001b). The design procedure is 
implemented in the spreadsheet and an example is illustrated in Appendix B.  
When calculating the load ratio, an effective length of columns must be assumed 
to approximate the degree of restraint provided by adjacent structure. In Eurocode 3 
(CEN, 1992), the effective length factor for column buckling in an unbraced frame 
depends on the relative stiffness of connecting beams and columns at top and bottom 
of the column described by distribution factors 1η  and 2η  (Annex E, Eurocode 3). The 
effective length factors are calculated as 1.66 and 1.8 for columns 1 and 4 buckling in 
Y-Z plane and X-Z plane, respectively. For columns 2 and 5, the effective length 
factors are 1.6 and 1.73 corresponding to major and minor axis buckling. The 
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calculations of these factors are independent of temperature and do not take into 
account the change of end conditions due to various structural interactions in fire. In 
advanced analysis, no effective length need to be assumed because the system stability 
and structural interactions are directly accounted for in the analysis. 
Column 4 is found to be most critical with a critical temperature of 439 ºC. 
Column 5 has a critical temperature of 466 ºC. For 2-hour fire resistance time under 
ISO standard fire, the required thickness of fire protection material is calculated as 31 
mm for column 4 and 23 mm for column 5. If natural fire is considered for which the 
heating phase only lasts about 30 mins with a maximum air temperature of 714ºC, the 
required thickness for columns 4 and 5 can be dramatically reduced to 12 mm and 7 
mm, respectively. Comparing to 8 mm and 6 mm as obtained from advanced analysis 
without modelling of slabs, the conventional design method based on component 
approach is more conservative. The effective length factors assumed in the calculations 
do not reflect the actual end conditions of columns in a complete structure when 
exposed to fire. When an effective length factor of 1.0 is used for columns at the 
bottom floor, the critical temperature changes to 506 ºC for column 4 and 512 ºC for 
column 5. The corresponding required fire protection thicknesses reduce to 8 mm and 
6 mm, respectively. These actually correspond well with the results from advanced 
analysis. In the codified design method, a failure mode is assumed for individual 
members. However, in a complete structure, local failures of members may not lead to 
the overall collapse of the structure. The code gives no indications on the failure mode 
of the whole structure.  
When 8 mm fire protections are applied on to four columns under load 
combination 1, the analysis terminates at 25.3 minutes due to out-of-plane instability 
of beam 7. When slabs are modelled, no failure occurs.  
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5.6.1.3 Case 3: All Columns and Beams 7 & 9 are Protected  
If the presence of concrete slabs is taken into account, no fire protection is 
required for all beams. For a steel skeleton frame without slabs, fire protections need to 
be applied on to beams 7 and 9 to slow down the degradation of the stiffness and 
reduce the deformation. When it is assumed that the protected members remain at 
ambient temperature, the frame survives the fire attack under both load combination 1 
and 2.  
When realistic fire protection is applied, 4 mm of sprayed mineral fibre is 
required from advanced analysis. The four columns are protected by 8 mm thick of fire 
protection. The frame successfully survives the fire attack under load combination 2. 
However, when the frame is subjected to load combination 1, fracture in the passive 
fire protection of the beams is observed when the limiting crack angle is 2º, due to 
considerable large beam mid-span deflections as discussed in 5.6.1.2. When the limit is 
raised to 3º or the thickness of insulation material of the beams is increased to 15 mm, 
no mechanical fracture in the insulation material is then observed. It is thus important 
to use laboratory tests to confirm the crack angle limit for this particular product and 
ensure stickability of the material. Otherwise the insulation material should be 
reinforced or its thickness should be increased.  
5.6.2 Fire Occurs at the Fourth Story 
5.6.2.1 Case 1: All Beams and Columns are Unprotected 
The deformed shapes of the frame under the two load combinations are plotted in 
Figure 5.43. There is no global failure when the frame is subjected to load combination 
1. Under load combination 2, extensive plastic hinges form at the four floor columns 
(Figure 5.44), triggering the collapse of the frame during the fire at 33.0 mins. The 
behaviour is similar to the case when fire occurs at the first story.  
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5.6.2.2 Case 2: All Columns are Protected and All Beams are Unprotected 
When all the columns are protected from the fire and are assumed to remain at 
ambient temperature, no collapse of the frame occurs during the course of the fire 
under both load combinations. If realistic passive fire protection is applied, only a 
minimal thickness of 5 mm is required for all the columns without modelling of slabs 
and there is no collapse of the frame or fracture of the insulation material under both 
load combinations. Fire protection is therefore not required for all the beams above the 
third storey. 
The failure times of the frame under different fire scenarios are summarized in 
Table 5.2. 
5.7 RESULTS FROM CONVENTIONAL FIRE RESISTANCE DESIGN 
When all the members are unprotected, column 4 is found to be the most critical 
under load combination 2 and Eurocode (CEN, 2001b) gives a critical time of 11.4 
mins under the ISO-834 standard fire and 16.3 mins under the natural fire based on 
calculated effective length factors. Comparing to the failure time of 32.8 mins 
predicted by the advanced analysis model, the beneficial effect of force redistribution 
among structural members, which provides alternative load paths, is evident and the 
mechanism can only be accounted for when considering the structure as a whole.  
The required fire protection thickness by advanced analysis and by conventional 
design approach is compared in Table 5.3. The protection scheme of members is 
classified into three categories: columns, beams in the X-direction and beams in the Y-
direction. The largest thickness required in a category is applied to all the members 
under that category. It can be seen from the table that by considering realistic fires and 
the behaviour of the frame as a whole, the savings in fire protection cost is significant. 
In this 6-story space frame, columns and beams in the X-direction require respectively 
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8 mm and 4 mm thick sprayed mineral fibre protection from first story to third story; 
but from third story onwards, only columns need to be protected with 5 mm thick 
insulation material while all the beams can be left unprotected. If the frame is designed 
to a 2-hour fire resistance time under the ISO standard fire as required in the 
conventional design approach, all the members must be protected with 3 to 6 times the 
thickness predicted by the advanced analysis.  
From Table 5.3, it is observed that the calculated fire protection thickness for 
beams in X-direction under the natural fire is less than that from advanced analysis. 
This is because when determining the load ratio of beams using conventional design 
method, only mid-span moment of the beam under gravity load is considered. 
However in the event of fire, axial force develops in the beam which is captured using 
advanced analysis but neglected when considering the beam as an isolated member. 
When the restraining effect of slabs is considered, no protection is required for all the 
beams.  
5.8 CONCLUSIONS 
From the study of the six-story unbraced space frame, the following observations 
are made.  
The behaviour of a complete steel frame in fire is drastically different from that 
of its structural elements in isolation because of a variety of interactions between 
structural components. Upon heating, the thermal expansion of the heated beams is 
restrained by the connecting columns. As a result, additional axial forces are produced 
in the beams. The magnitude of these axial forces depend on the stiffness of the 
connecting columns, which changes when the columns are protected and also changes 
as the fire develops. From Figures 5.20 and 5.21 it is clear that under static load, the 
axial force in the beams is negligible. However, a maximum axial force of about 140 
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kN is obtained for beams 7 and 9 during the fire. The axial force in beam 12 reaches 
500 kN. The mid-span bending moment also reaches a maximum of 70 kN.m for beam 
9 and 200 kN.m for beam 12, comparing to 28 kN.m and 160 kN.m under the static 
load, respectively (Figures 5.30 and 5.31). The axial forces in the columns do not 
change much (Figures 5.12 and 5.13). The columns at the bottom can be considered as 
vertical loaded columns but with no axial restraint (free expansion). Therefore, no 
additional axial forces will be generated in the columns due to heating. However, the 
expansions of columns 2 and 5 are smaller than those of columns 1 and 4 because 
columns 2 and 5 have lower surface area to volume ratio and hence slower temperature 
increase. The differential expansions of columns cause slightly higher axial forces in 
columns 2 and 5 as shown in Figures 5.12 and 5.13 of the revised manuscript.  The 
column head moments during the fire however increase drastically as compared to the 
moments experienced under the static loads only (Figures 5.28 and 5.29). The 
simulation of non-uniform temperature distribution in member is also important in 
order to capture the secondary forces generated due to thermal expansion and bowing. 
The additional secondary forces induced on beams and columns can be significant but 
are currently overlooked in the conventional design based on component approach.     
It is also observed that the deformations and internal forces generated in the 
members in a completed structure with slabs can be quite different from those in a pure 
steel skeleton frame. The incorporation of behaviour of slabs into the analysis is 
therefore important. 
For a redundant structure, load can be redistributed from weakened members to 
other relatively strong members. In the codified design method, a failure mode is 
assumed for individual members. However, in a complete structure, local failures of 
members may not lead to the overall collapse of the structure. The code gives no 
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indications on the failure mode of the whole structure. This observation is discussed in 
detail in 5.6.1.1.          
In summary, the interactions between the structural components can only be 
accounted for when considering the structure as a whole. The variation of member 
internal forces during the fire, load redistribution and alternative failure modes cannot 
be observed by studying the structural component as an isolated member. Therefore, to 
provide an efficient fire protection scheme to a structure, it is necessary to consider the 
interactions of members in a structure during fire and take into account the thermally 
induced forces and displacements. By considering the behaviour of the complete frame 
under realistic fires, fire protection is not required for some structural elements and for 
protected members, the required fire protection thickness is greatly reduced compared 
with that required by the conventional design approach.  
Due to the inherent limitations of the analysis methods, member local buckling 
and lateral-torsional buckling cannot be captured. By ensuring that the member section 
is compact, the effect of local buckling can be reduced. In the analysis, connections are 
assumed to be fully rigid and remain intact during the fire. The actual moment-rotation 
curves at elevated temperature for a particular connection can be easily accounted for 
in the analysis provided that such data are available.  
In designing a steel structure in fire, there are several important considerations. 
The accuracy of the analysis results relies largely on the assumed fire model, which is 
dependant upon the fire load presented in the compartment, the area of the openings, 
the properties of the surrounding materials and the possible active fire control 
measures. Despite the uncertainties in the event of fire, a reasonably accurate access to 
such information is vital. In the case study of the six-story frame, it has been shown 
that if active fire control measures are considered, the maximum air temperature that 
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can be reached is only 423°C which will not cause any substantial damage to the steel 
structure. Although there are some limitations on the use of parametric fire curves 
recommended in Eurocode as discussed in 3.1, the empirically derived simplified fire 
models nevertheless constitute a significant step forward towards the consideration of 
the real nature of a particular fire when compared to the ISO standard fire.  
Other input information such as thermal coefficients, steel mechanical properties 
at elevated temperatures, properties of passive fire protection , moment-rotation curves 
of connections at elevated temperatures are also essential for the accuracy of the 
analysis results.  
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Table 5.1 Member cross section dimension of the six-story frame 









W10x60 260 11 260 17 113 
W12x26 310 6 160 10 49.4 
W12x53 310 9 250 15 100 
W12x87 320 13 310 21 166 
W12x120 330 18 310 28 223 
 
Table 5.2 Predicted failure times of the frame under natural fires using advanced 
analysis (protected members are assumed to be remained at ambient temperature) 
Critical Time (Min) 
Fire Scenarios 
Load Combination 1 Load Combination 2 
 w/o slabs with slabs w/o slabs with slabs 
Case 1 No Collapse No Collapse 32.8 35.3 
Case 2 27.6 No Collapse No Collapse No CollapseCompartment 1 
Case 3 No Collapse No Collapse No Collapse No Collapse
Case 1 No Collapse - 33.0 - 
Compartment 2 
Case 2 No Collapse - No Collapse - 
Case 1: All columns and beams are unprotected 
Case 2: All columns are protected and all beams are unprotected 
Case 3: All columns and beams 7 and 9 are protected 
 
Table 5.3 Required fire protection thickness by advanced analysis and conventional 
design approach (sprayed mineral fibre, thermal conductivity pλ = 0.12 ) mK/W
Advanced Analysis*  
(natural fire) 
Conventional Design Approach 
(natural fire) 
     Thickness 
        (mm) 
 









1st – 3rd Story 8 4** Nil 12 2 2 
4th – 6th Story 5 Nil Nil 7 4 2 
Conventional Design Approach 
(2-hr fire resistance time under 
ISO fire) 
     Thickness 
        (mm) 
 
 Story Columns Beams in X-dir 
Beams 
in Y-dir 
1st – 3rd Story 31 26 18 
4th – 6th Story 26 28 18 
* Without considering restraining effect of slabs 
** Nil if slabs are modelled
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Figure 5.1 Layout of six-story frame 
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Figure 5.4 Fire curves for six-story frame without active fire control 
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            Figure 5.11 Deformed shape of the frame under different load combination      
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Figure 5.13 Axial force in the four columns under load combination 2 
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Figure 5.14 (a) Bending moment in column 1 
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Figure 5.14 Bending moment in the four columns as a function of temperature 
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Figure 5.15 Response of six-storey frame subjected to natural fire 
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Case 1: beams and columns
unprotected
Case 2: columns protected;
beams unprotected
Column 4 - Y direction
Column 5 - Y direction
Column 4 - X direction
Column 5 - X direction  
0
Figure 5.17 Columns 4 and 5 head displacements under load combination 2  
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Case 1: beams and 
columns unprotected
Case 2: columns protected 
and beams unprotected
40
Figure 5.19 Beam 9 mid-span deflections under load combination 1 
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Figure 5.21 Beams 11 and 12 axial forces under load combination 1 
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Figure 5.23 Beam 12 mid-span deflections under load combination 1 
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Case 1: beams and 
columns unprotected
Case 2: columns protected 
and beams unprotected
0
Figure 5.25 Column 2 head displacements under load combination 1 
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Case 1: beams and 
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Case 1: beams and 
columns unprotected
Case 2: columns protected 
and beams unprotected
40
Figure 5.27 Column 5 head displacements under load combination 1 
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Case 1: beams and 
columns unprotected
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and beams unprotected
0
Figure 5.29 Columns 4 and 5 head bending moments under load combination 1 
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Figure 5.31 Beam 12 mid-span and ends major axis moments 
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Figure 5.33 Beams 9 and 11 mid-span vertical deflections and column 4 head 
displacements under   load combination 1 with modelling of slabs 
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Figure 5.35 Beams 9 and 11 mid-span moments under load combination 1 with 
modelling of slabs 
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Case 1: beams and 
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Figure 5.37 Beams 9 and 11 mid-span vertical deflections and column 4 head 
displacements under   load combination 2 with modelling of slabs 
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Case 1: beams and 
columns unprotected




Figure 5.39 Beams 9 and 11 mid-span moments under load combination 2 with 
modelling of slabs 
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Figure 5.41 Crack angle of the passive fire protection 
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columns 1&4 with 8mm PFP
columns 2&5 with 8mm PFP
 
Figure 5.42 Columns temperature with and without passive fire protection 
 
 
                         




        Figure 5.43 Deformed shapes of the frame under different load combinations  
             (compartment 2) 
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Figure 5.44 Plastic hinge formation sequence under load combination 1 when all four 




CONCLUSIONS AND RECOMMENDATIONS 
6.1 SUMMARY & CONCLUSIONS 
The research work presented in this thesis is an extension of the study by Tang 
(2001). The researches focus on the use of a second-order refined plastic hinge 
analysis to capture the behaviour of complete steel frames in any given fire and to 
establish a direct relationship between the heating time and the fire resistance of 
structure in terms of strength and stability. The following studies have been carried out 
in addition to Tang (2001).  
The fire curves used by Tang (2001) are directly obtained from tests, which are 
limited to specific fire loads and ventilation conditions. In this research, the fire curves 
are simulated according to the parametric fire curves in Eurocode. From empirically 
derived equations, a temperature-time curve can be produced for any combination of 
fire load, ventilations and compartment boundary materials based on the actual layout 
of the building. A more realistic fire corresponding to a particular building thus can be 
obtained. A spreadsheet has been developed to simulate the fire curves.  
The assumption of thermal parameters such as the coefficient of convective heat 
transfer and emissivity are examined. The effect of creep and the method to account 
for this effect in the analysis are discussed.  
Verification studies are extended to three-side heated steel beams with concrete 
slab acting as a heat sink drawing the heat away from the beams. The analysis methods 
are also validated through the verification studies against experiments on protected 
members.  
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The case study is extended to three-dimensional unbraced frames subject to 
compartment fire.  
This research project illustrates how advanced analysis can be used to assess the 
global performance of structures exposed to compartment fire. Parametric fire is useful 
for design if the compartment is simple in geometry and layout. For complex 
problems, a more rigorous tool such as computational fluid dynamic simulation model 
may be used to give detailed information of temperature development in the structure.  
The accuracy of the proposed method is demonstrated through a series of 
verification studies on both components and frames over a wide range of parameters 
including uniformly heated members, three-side heated members, members with 
passive fire protection, two-dimensional frames as well as three-dimensional frame. 
Good correlations between the analysis results and experimental results have been 
found.  
Performance-based assessments are carried out on a multi-storey unbraced frame 
based on a set of parameters considering various fire scenarios. By considering the 
behaviour of the complete frame under realistic fires, passive fire protection is found to 
be unnecessary for some structural elements and for the protected members, the 
required fire protection thickness is greatly reduced compared with that required by the 
conventional design approach based on the ISO-834 standard fire.  
The most distinctive feature of the advanced analysis is that it can be used to 
predict the global behaviours of large structures subjected to various fire scenarios. 
Direct relationship between the heating time and the fire resistance of a structure in 
term of its strength and stability can be established. The importance of considering the 
thermally induced forces and displacements, force redistributions within the structure 
and the interactions between the structural components in the case of a fire is 
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illustrated through the example. It is also found that the deformations and internal 
forces of the members in a complete structure with slabs can be quite different from 
those in a steel skeleton frame. The incorporation of behaviour of slabs into the 
analysis is therefore important.  
The beneficial effect of considering the realistic fire as opposed to the ISO 
standard fire is also highlighted. The advanced analysis method can be used as a tool to 
provide protection recommendations for the enhancement of building performance in 
fire.   
Improved understanding of the response of overall structure subjected to natural 
fire open new ways of integrating fire safety and structural design. With the advance in 
computing technologies, there will be an increasing demand for advanced nonlinear 
analysis tools for performance-based design of structures exposed to fire.  There is no 
doubt that a thorough understanding of the global performance of structures should 
lead to both reduction in the fire protection cost and improved structural safety in fire. 
6.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
Currently the proposed advanced analysis method is limited to steel structures. 
Although the heat sink effect of the concrete slabs is considered and “artificial” slabs 
are modelled to restrain the lateral deflections of the beams, there is no account for the 
composite action between the steel beams and the slab. The beneficial effect of 
membrane action of the slab in resisting the applied load at large deflections and 
maintaining the structural integrity cannot be captured at the moment. Proper shell 
elements with appropriate concrete material models must be used. However, such 
analysis requires laborious and highly skilled modelling techniques with high 
computational cost. Approximate numerical or analytical model is needed for the 
proposed method to be used in design. The studies carried out in this project with 
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“artificial” slabs nevertheless constitute a step forward towards the consideration of the 
behaviour of a complete structure.   
The finite element approach can be used to provide information on the local 
behaviour of the structural components such as the behaviour of connections at 
elevated temperatures subjected to different degrees of moment and axial load. Various 
moment-rotation curves can be derived from finite element analysis, which can be 
directly incorporated in the plastic hinge approach as nonlinear spring elements. 
Comprehensive experiments must also be carried out to provide database for the 
validation of the numerical calculation methods.  
To strike a balance between the accuracy and the efficiency of numerical 
methods, it is anticipated that a mixed-element approach with the use of both shell 
elements and beam-column elements would be more computationally efficient with 
acceptable accuracy in analysing large-scale structures.   
Experimental data on heat transfer parameters, steel strength degradation at 
elevated temperatures and fire protection properties are necessary because the accuracy 
of such input information is directly related to the confidence level of the computed 
results.   
Before the advanced analysis method can be used in design, performance-based 
design criteria must be established to ensure structural safety and integrity.  
Ultimately, there is a need to integrate the fire resistance design of structures 
within the building layout planning, the probabilistic fire control model and the 
evacuation model to provide a comprehensive design to both human and structure 
safety in the event of fire.  
 
 121
                                                                                                                 References    
REFERENCE 
Anderberg, Y. (1988), “Modelling steel behaviour”, Fire Safety Journal, 13, 17-26. 
Bailey, C. G., Burgess, I. W. and Plank, R. J. (1996), “Computer simulation of a full-
scale structural fire test”, the Structural Engineer, 74(6), 93-100. 
Bailey, C. G., Lennon, T. and Moore, D. B. (1999), “The behaviour of full-scale steel-
framed buildings subjected to compartment fires”, Journal of the Structural 
Engineer, 77(8), 15-21.    
Bardell, K. (1983), “Spray-applied fire resistive coatings for steel building columns”, 
Fire Resistive Coatings: the Need for Standards, ASTM STP 826, Lieff, M. and 
Stumpf, F. M., Eds., ASTM, 40-55.   
BSI (1990), BS5950: Part 8. Code of Practice for Fire Resistant Design, British 
Standards Institution, London, UK 
Burgess, I. W., Rimawi, J. EI. and Plank, R. J. (1991), “Studies of the behaviour of 
steel beams in fire”, Journal of Constructional Steel Research, 19, 285-312.  
CEN (1992), ENV 1993: Eurocode 3: Design of Steel Structures Part1.1: General 
Rules and Rules for Buildings, European Committee for Standardization, Brussels. 
CEN (1994),  ENV 1991: Eurocode 1: Basis of Design and Actions on Structures 
Part1: Basis of Design, European Committee for Standardization, Brussels. 
CEN (2001a), Draft prEN 1991-1-2, Eurocode 1: Actions on Structures Part 1-2: 
General Actions – Actions on Structures Exposed to Fire, European Committee for 
Standardization, Brussels. 
 122
                                                                                                                 References    
CEN (2001b), Draft prEn 1993-1-2, Eurocode 3: Design of Steel Structures Part 1.2: 
General Rules Structural Fire Design, European Committee for Standardization, 
Brussels. 
Chan, S. L. and Chan, B. H. M. (2001), “Refined plastic hinge analysis of steel frames 
under fire”, International Journal of Structural and Composite Structures, Techno-
Press, 1(1), 111-130. 
Cooke, G. M. E. (1988), “An introduction to the mechanical properties of structural 
steel at elevated temperatures”, Fire Safety Journal, 13, 45-54.   
ECCS (1985), Design Manual on the European Recommendations for the Fire Safety 
of Steel Structures, ECCS Technical Committee 3 – Fire Safety of Steel Stability, 1st 
Ed., N° 35, Brussels, Belgium. 
Eggwetz, S. (1976), Creep Buckling of Steel Columns at Elevated Temperatures, 
IABSE 10th Congress, Tokyo, Preliminary Report. 
El-Rimawi, J. A., Burgess, I. W. and Plank, R. J. (1995), “The analysis of semi-rigid 
frames in fire - a secant approach”, Journal of Constructional Steel Research, 
Elsevier Science, UK, 22, 125-146. 
Franssen, J. M. (1997), “Improvement of the parametric fire of Eurocode 1 based on 
experimental test results”, Fire Safety Science – Proceedings of the Sixth 
International Symposium, 927-938. 
Gillie, M., Usmani, A. S. and Rotter, J. M. (2002), “A structural analysis of the 
Cardington British Steel Corner Test”, Journal of Constructional Steel Research, 58, 
427-442. 
Holmas, T. (1995), Fire and Heat Transfer Simulations of Frame Structures: User’s 
Manual, SINTEF, Trondheim, Norway. 
 123
                                                                                                                 References    
Huang, Z. H., Burgess, I. W., and Plank, R. J. (2000), “Three-dimensional analysis of 
composite steel-framed buildings in fire”, Journal of Structural Engineering, ASCE, 
126(3), 389-397. 
Kay, T. R., Kirby, B. R. and Preston, R. R. (1996), “Calculation of the heating rate of 
an unprotected steel member in a standard fire resistance test”, Fire Safety Journal, 
26, 327-350. 
Kirby, B. R. (1996), British Steel Technical European Fire Test Program, Design, 
Construction and Results, Second Cardington Conference, 12-14 March 1996, BRE 
Cardington, UK.  
Kirby, B. R. and Preston, R. R. (1988), “High temperature properties of hot-rolled, 
structural steels for use in fire engineering design studies”, Fire Safety Journal, 13, 
27-37. 
Konicek, L. and Lie, T. T. (1973), “Fire tests on protected steel columns under 
different fire severities”, Fire Study 34, National Research Council of Canada, 
Ottawa.   
Li, G. Q., Jiang, S. C., Lin, G. X. and Yu, L. H. (1997), “An experimental research on 
behaviour of steel frames subjected to fires”, Proceedings of the 3rd Sino-Japan 
Conference on Structural Technology, 4-8 November 1997, Shenzhen, P. R. China, 
68-78. 
Liew, J. Y. R., Tang, L. K., Holmass, T. and Choo, Y. S. (1998), “Advanced analysis 
for the assessment of steel frames in fire”, Journal of Constructional Steel Research, 
47(1-2), 19-45. 
 124
                                                                                                                 References    
Liew, J. Y. R., Chen H., Shanmugam, N. E. and Chen, W. F. (2000), “Improved 
nonlinear plastic hinge analysis of space frame structures”, Engineering Structures, 
22, 1324-1338. 
Outinen, J., Kaitila, O. and Mäkeläine, P. (2001), High-Temperature Testing of 
Structural Steel and Modeling of structures at Fire Temperatures, Research Report, 
Helsinki University of Technology Laboratory of Steel Structures Publication 23, 
Espoo, Finland 
Pettersson, O., Magnusson, S. E. and Thor, J. (1976), Fire Engineering Design of Steel 
Structures, Swedish Institute of Steel Construction, Publication 50, Stockholm. 
Saab, H. A. and Nethercot, D. A. (1991), “Modelling steel frame behaviour under fire 
conditions”, Journal of Engineering Structures, 13(4), 371-382. 
Skallerud, B. and Amdahl, J. (2002), Nonlinear Analysis of Offshore Structures, 
Research Studies Press Ltd, Hertfordshire, England. 
Schleich, J. B., Bouillette, J. P., Hass, R., Preston, R. and Sandman, T.  (1993), 
International Fire Engineering Design for Steel Structures: State of the Art, 
International Iron and Steel Institute, Brussels, Belgium. 
Soreide, T. H., Amdahl, J., Edberg, E., Holmas, T. and Hellan, O. (1994), USFOS – A 
Computer Program for Progressive Collapse of Steel Offshore Structures: Theory 
Manual, Report STF71 F88038, SINTEF Structures and Concrete, Trondheim, 
Norway.  
Tang, L. K. (2001), Advanced Analysis for the Assessment of Steel Structures in Fire, 
Ph.D. Thesis, Department of Civil Engineering, National University of Singapore.  
Thor, J. (1973), Deformation and Critical Loads of Steel Beams under Fire Exposure 
Conditions, National Swedish Building Research Document. 
 125
                                                                                                                 References    
Toh, W. S., Fung, T. C. and Tan, K. H. (2001), “Fire resistance of steel frames using 
classical and numerical methods”, Journal of Structural Engineering, 127, 829-838 
Twilt, L. (1988), “Strength and deformation properties of steel at elevated 
temperatures: some practical implications”, Fire Safety Journal, 13, 9-15.   
Wainman, D. E. and Kirby, B. R. (1988), Compendium of UK Standard Fire Test 
Data: Unprotected Structural Steel – 1 & 2, British Steel Corporation, Ref. No. 
RS/RSC/S10328/1/87/B.  
Wang, Y. C., Lennon, T. and Moore, D. B. (1995), “The behaviour of steel frames 
subject to fire”, Journal of Constructional Steel Research, 35, 291-322.  
Wang, Y. C. (2002), Steel and Composite Structures: Behaviour and Design for Fire 
Safety, Spon Press, New York 
Witteveen, J. and Twilt, L. (1975), “Behaviour of steel columns under fire action”, 
Proceedings of International Colloquium on Column Strength, Parie 1972, 
Proceedings IABSE, 23 
 Witteveen, J., Twilt, L. and Bijlaard, F. S. K. (1976), Theoretical and Experimental 
Analysis of Steel Structures at Elevated Temperatures, IABSE, 10th Congress, Final 
Report, Tokyo. 
Wong, M. B. (2001), “Comparison of heat transfer procedures for frame design under 
fire conditions”, Proceeding of the International Seminar on Steel Structures in Fire, 
Nov. 1-3, 2001, Shanghai, P.R. China, 123-133. 
Zhao, J. C. (1995), Fire Resistance of Steel Framed Structures, Ph. D. thesis, Tong Ji 
University, Shanghai, P. R. China. 
 
 126
                                                                                                                Appendix A    
APPENDIX A 
NATURAL FIRE DERIVATION FLOWCHART 
 
INPUT
Opening Factor, O Enclosure Surface Property, bFire Load Density, d,tq
Heating Phase Time Duration 
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APPENDIX B 
FIRE PROTECTION DESIGN EXAMPLE 
 
 This example illustrates the design of fire protection according to Eurocode 3 
(CEN, 2001b). The degree of utilisation of the member is first calculated. Depending 
upon the member size and required fire resistance time, the required fire protection 
thickness is determined for a particular fire protection material.  
As an example, beam of size UB 305 x 165 x 54 G43 is considered. It is assumed 
that the beam is laterally restrained by the concrete slab. The required fire resistance 
time is 90 minutes. The design bending moment Mf is 139 kNm. The moment capacity 
Mc without lateral torsional buckling is 232 kNm. The degree of utilisation R is 
computed as Mf/Mc = 0.6. The critical temperature for unprotected steel can be 





⎡ −=    (B.1) 
K is the adaptation factor to take into account the non-uniform temperature 
distribution across the member cross section. For an unprotected beam exposed on 
three sides, with a composite or concrete slab on side four, K is equal to 0.70. Equation 
(B.1) with different adaptation factors is shown graphically in Figure B.1. 
From the above equation or Figure B.1, the critical temperature for this particular 
beam is 612 ºC. To achieve the required fire resistance time of 90 minutes, sprayed 
mineral fibre type of fire protection with density thermal 
conductivity  and specific head 
,m/kg300 3p =ρ
mK/W12.0p =λ kgK/J1200cp =  is considered. The 
incremental temperature of an insulated steel member during a time interval t,sT∆ t∆  is 
given in Eurocode 3 as: 
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−λ=∆ φ      (B.2) 








V/Ap  is the section factor for insulated steel member where  is the 
appropriate area of fire protection material per unit length of the member and V is the 
volume of the member per unit length.  and  are the specific heat of steel and fire 
protection material, respectively.  is the thickness of the fire protection material. 
pA
sc pc
pd sρ  
and  are the unit mass of steel and fire protection material.  and are steel and 
ambient gas temperature at time t. 
pρ t,sT t,gT
t,sT∆  and t,gT∆  are the incremental steel and 
ambient temperature during the time interval t∆ .   
For UB 305 x 165 x 54 beam exposed on three sides, the section factor  
for contour type of protection is 160 
V/Ap
1m− . The density of steel is taken as 7850 
. In this example, it is assumed that the ambient temperature follows the 
standard fire curve ISO-834. The temperature dependant specific heat of steel is 
incorporated in the incremental equation. Equation (B.2) is solved incrementally in the 
spreadsheet to obtain the temperature development of the protected steel assuming a 
time increment of 5 seconds.  
3m/kg
sc
For the beam to withstand the standard fire for at least 90 minutes without 
exceeding the critical temperature of 610 °C, a minimal fire protection thickness of 
17.5 mm is required as shown in Figure B.2. 
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Figure (B.2) Steel temperature development under standard fire 
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APPENDIX C 
EXAMPLE OF COMPUTER INPUT FOR 6-STORY FRAME 
 
An example of FAHTS and USFOS input for the 6-story frame case is given in 
section.  
FAHTS Control File  
HEAD   Six-storey 3D building frame, Compartment 1 Natural Fire 
 all beams and columns are not protected  
'                                                                        
TimeUnit Min 
' 
'         end-time  nstep     resinc  
TEMPSIM 120 60 12 ! Analysis time steps  
'                                      
'  X Y Z ! Temperature plot at specified location 
Temp_Plo -3.658 0.0 3.503 ! Beam 7&9 lower flange  
  -3.658 0.0 3.658 ! Beam 7&9 web  
  -3.658 0.0 3.813 ! Beam 7&9 upper flange 
                 -7.315 3.658 3.503 ! Beam 11 lower flange 
  -7.315 3.658 3.658 ! Beam 11 web 
  -7.315 3.658 3.813 ! Beam 11 upper flange 
                  0.0  3.658 3.498 ! Beam 12 lower flange 
   0.0 3.658 3.658 ! Beam 12 web 
   0.0 3.658 3.818 ! Beam 12 upper flange 
'           
'         initemp 
INITEMP 20.0    ! Initial steel temp 
' 
MESHIPRO 2 6 2 2 ! I beam finite element mesh 
MESHBOX 2 15 1 1 ! Box finite element mesh 
'     
MOVIEPRI 
GLVIEW 
TOLMERGE    0.001 
' 
'  timehis temp 
USERTEMP 1 1   ! Fire curve type: user-defined 
' 
'  histno type time fator ! Fire curve 

















22.78 672.88  
24.12 682.77 
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'  Lim_Type  ElemID  ! Specify fire affected volume defined by two  
LIMTFIRE 1 -7.4 -1 -1 ! corner points of the volume 
   1 7.4 3.7 
'   
'  ID    rho(kg/m3)  c (J/kgK)  k (W/mK)   emiss   convection 
THERMPAR 1 7850.0          1.0 1.0 0.7 35 ! Steel 
THERMPAR 99         2300.0       980.0            1.6         0.0          0  ! Concrete 
' 
THERMDEP 1 0 100 200 0  
’                                                                                  
'  dep_no temp      fator  ! Temperature-dependent steel specific heat 
TEMPDEPY 100 20 439.80176 
   60 465.77552 
   100 487.62 
   140 506.18768 
   180 522.33104 
   220 536.90256 
   260 550.75472 
   300 564.74 
   340 579.71088 
   380 596.51984 
   420 616.01936 
   460 639.06192 
   500 666.5 
   540 699.18608 
   580 737.97264 
   600 759.92 
   640 798.6734694 
   680 890.1724138 
   720 1388.333333 
   735 5000 
   750 1482.894737 
   790 847.0338983 
   830 725 
   870 673.2014388 
   900 650.443787 
   1000 650 
'       
TEMPDEPY 200 20 53.334  ! Temperature-dependent steel conductivity 
   800 27.36 
   900 27.36 
   1000 27.36 
'Specify sides of I beam that are exposed to fire and are protected 
'    exposure   protection 
'   top web bot top web bot Ele. Number 
EXP_ELEM IProf 2 3 3 0 0 0    781 782 783 784 
10111 10112 10113 10114 7101 7102 7103 7104 8111 8112 8113 8114   
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Geometry and Loading Control File  
HEAD Six-storey 3D building frame, Compartment 1 Natural Fire 
 all beams and columns are not protected  
'            
' Node ID X Y Z Boundary code   
  
 NODE 1 -7.315 0 0 1 1 1 1 1 1 
 NODE 2 0 0 0 1 1 1 1 1 1 
 NODE 3 7.315 0 0 1 1 1 1 1 1 
 NODE 4 -7.315 7.315 0 1 1 1 1 1 1 
 NODE 5 0 7.315 0 1 1 1 1 1 1 
 NODE 6 7.315 7.315 0 1 1 1 1 1 1 
 NODE 7 -7.315 0 3.658       
 NODE 8 0 0 3.658       
 NODE 9 7.315 0 3.658       
 NODE 10 -7.315 7.315 3.658       
 NODE 11 0 7.315 3.658       
 NODE 12 7.315 7.315 3.658 
 NODE 13 -7.315 0 7.315 
 NODE 14 0 0 7.315 
 NODE 15 7.315 0 7.315 
 NODE 16 -7.315 7.315 7.315 
 NODE 17 0 7.315 7.315 
 NODE 18 7.315 7.315 7.315 
 NODE 19 -7.315 0 10.973 
 NODE 20 0 0 10.973 
 NODE 21 7.315 0 10.973 
 NODE 22 -7.315 7.315 10.973 
 NODE 23 0 7.315 10.973 
 NODE 24 7.315 7.315 10.973 
 NODE 25 -7.315 0 14.63 
 NODE 26 0 0 14.63 
 NODE 27 -7.315 7.315 14.63 
 NODE 28 0 7.315 14.63 
 NODE 29 -7.315 0 18.288 
 NODE 30 0 0 18.288 
 NODE 31 -7.315 7.315 18.288 
 NODE 32 0 7.315 18.288 
 NODE 33 -7.315 0 21.946 
 NODE 34 0 0 21.946 
 NODE 35 -7.315 7.315 21.946 
 NODE 36 0 7.315 21.946 
 NODE 781 -5.486 0 3.658 
 NODE 782 -3.658 0 3.658 
 NODE 783 -1.829 0 3.658 
 NODE 891 1.829 0 3.658 
 NODE 892 3.658 0 3.658 
 NODE 893 5.486 0 3.658 
 NODE 7101 -7.315 1.829 3.658 
 NODE 7102 -7.315 3.658 3.658 
 NODE 7103 -7.315 5.486 3.658 
 NODE 8111 0 1.829 3.658 
 NODE 8112 0 3.658 3.658 
 NODE 8113 0 5.486 3.658 
 NODE 9121 7.315 1.829 3.658 
 NODE 9122 7.315 3.658 3.658 
 NODE 9123 7.315 5.486 3.658 
 NODE 10111 -5.486 7.315 3.658 
 NODE 10112 -3.658 7.315 3.658 
 NODE 10113 -1.829 7.315 3.658 
 NODE 11121 1.829 7.315 3.658 
 NODE 11122 3.658 7.315 3.658 
 NODE 11123 5.486 7.315 3.658 
 NODE 13141 -5.486 0 7.315 
 NODE 13142 -3.658 0 7.315 
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 NODE 13143 -1.829 0 7.315 
 NODE 13161 -7.315 1.829 7.315 
 NODE 13162 -7.315 3.658 7.315 
 NODE 13163 -7.315 5.486 7.315 
 NODE 14151 1.829 0 7.315 
 NODE 14152 3.658 0 7.315 
 NODE 14153 5.486 0 7.315 
 NODE 14171 0 1.829 7.315 
 NODE 14172 0 3.658 7.315 
 NODE 14173 0 5.486 7.315 
 NODE 15181 7.315 1.829 7.315 
 NODE 15182 7.315 3.658 7.315 
 NODE 15183 7.315 5.486 7.315 
 NODE 16171 -5.486 7.315 7.315 
 NODE 16172 -3.658 7.315 7.315 
 NODE 16173 -1.829 7.315 7.315 
 NODE 17181 1.829 7.315 7.315 
 NODE 17182 3.658 7.315 7.315 
 NODE 17183 5.486 7.315 7.315 
 NODE 19201 -5.486 0 10.973 
 NODE 19202 -3.658 0 10.973 
 NODE 19203 -1.829 0 10.973 
 NODE 19221 -7.315 1.829 10.973 
 NODE 19222 -7.315 3.658 10.973 
 NODE 19223 -7.315 5.486 10.973 
 NODE 20211 1.829 0 10.973 
 NODE 20212 3.658 0 10.973 
 NODE 20213 5.486 0 10.973 
 NODE 20231 0 1.829 10.973 
 NODE 20232 0 3.658 10.973 
 NODE 20233 0 5.486 10.973 
 NODE 21241 7.315 1.829 10.973 
 NODE 21242 7.315 3.658 10.973 
 NODE 21243 7.315 5.486 10.973 
 NODE 22231 -5.486 7.315 10.973 
 NODE 22232 -3.658 7.315 10.973 
 NODE 22233 -1.829 7.315 10.973 
 NODE 23241 1.829 7.315 10.973 
 NODE 23242 3.658 7.315 10.973 
 NODE 23243 5.486 7.315 10.973 
 NODE 25261 -5.486 0 14.63 
 NODE 25262 -3.658 0 14.63 
 NODE 25263 -1.829 0 14.63 
 NODE 25271 -7.315 1.829 14.63 
 NODE 25272 -7.315 3.658 14.63 
 NODE 25273 -7.315 5.486 14.63 
 NODE 26281 0 1.829 14.63 
 NODE 26282 0 3.658 14.63 
 NODE 26283 0 5.486 14.63 
 NODE 27281 -5.486 7.315 14.63 
 NODE 27282 -3.658 7.315 14.63 
 NODE 27283 -1.829 7.315 14.63 
 NODE 29301 -5.486 0 18.288 
 NODE 29302 -3.658 0 18.288 
 NODE 29303 -1.829 0 18.288 
 NODE 29311 -7.315 1.829 18.288 
 NODE 29312 -7.315 3.658 18.288 
 NODE 29313 -7.315 5.486 18.288 
 NODE 30321 0 1.829 18.288 
 NODE 30322 0 3.658 18.288 
 NODE 30323 0 5.486 18.288 
 NODE 31321 -5.486 7.315 18.288 
 NODE 31322 -3.658 7.315 18.288 
 NODE 31323 -1.829 7.315 18.288 
 NODE 33341 -5.486 0 21.946     
 NODE 33342 -3.658 0 21.946     
 NODE 33343 -1.829 0 21.946     
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 NODE 33351 -7.315 1.829 21.946     
 NODE 33352 -7.315 3.658 21.946     
 NODE 33353 -7.315 5.486 21.946     
 NODE 34361 0 1.829 21.946     
 NODE 34362 0 3.658 21.946     
 NODE 34363 0 5.486 21.946     
 NODE 35361 -5.486 7.315 21.946     
 NODE 35362 -3.658 7.315 21.946     
 NODE 35363 -1.829 7.315 21.946     
'          
' Elem ID np1 np2 material geom lcoor  
 BEAM 1 1 7 1 2 2   
 BEAM 2 2 8 1 1 2   
 BEAM 3 3 9 1 2 2 
 BEAM 4 4 10 1 2 2 
 BEAM 5 5 11 1 1 2 
 BEAM 6 6 12 1 2 2 
 BEAM 14 7 13 1 2 2 
 BEAM 15 8 14 1 1 2 
 BEAM 16 9 15 1 2 2 
 BEAM 17 10 16 1 2 2 
 BEAM 18 11 17 1 1 2 
 BEAM 19 12 18 1 2 2 
 BEAM 27 13 19 1 2 2 
 BEAM 28 14 20 1 1 2 
 BEAM 29 15 21 1 2 2 
 BEAM 30 16 22 1 2 2 
 BEAM 31 17 23 1 1 2 
 BEAM 32 18 24 1 2 2 
 BEAM 40 19 25 1 5 2 
 BEAM 41 20 26 1 5 2 
 BEAM 42 22 27 1 5 2 
 BEAM 43 23 28 1 5 2 
 BEAM 48 25 29 1 5 2 
 BEAM 49 26 30 1 5 2 
 BEAM 50 27 31 1 5 2 
 BEAM 51 28 32 1 5 2 
 BEAM 56 29 33 1 5 2 
 BEAM 57 30 34 1 5 2 
 BEAM 58 31 35 1 5 2 
 BEAM 59 32 36 1 5 2 
 BEAM 781 7 781 1 4 3 
 BEAM 782 781 782 1 4 3 
 BEAM 783 782 783 1 4 3 
 BEAM 784 783 8 1 4 3 
 BEAM 891 8 891 1 4 3 
 BEAM 892 891 892 1 4 3 
 BEAM 893 892 893 1 4 3 
 BEAM 894 893 9 1 4 3 
 BEAM 7101 7 7101 1 3 3 
 BEAM 7102 7101 7102 1 3 3 
 BEAM 7103 7102 7103 1 3 3 
 BEAM 7104 7103 10 1 3 3 
 BEAM 8111 8 8111 1 2 3 
 BEAM 8112 8111 8112 1 2 3 
 BEAM 8113 8112 8113 1 2 3 
 BEAM 8114 8113 11 1 2 3 
 BEAM 9121 9 9121 1 3 3 
 BEAM 9122 9121 9122 1 3 3 
 BEAM 9123 9122 9123 1 3 3 
 BEAM 9124 9123 12 1 3 3 
 BEAM 10111 10 10111 1 4 3 
 BEAM 10112 10111 10112 1 4 3 
 BEAM 10113 10112 10113 1 4 3 
 BEAM 10114 10113 11 1 4 3 
 BEAM 11121 11 11121 1 4 3 
 BEAM 11122 11121 11122 1 4 3 
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 BEAM 11123 11122 11123 1 4 3 
 BEAM 11124 11123 12 1 4 3 
 BEAM 13141 13 13141 1 4 3 
 BEAM 13142 13141 13142 1 4 3 
 BEAM 13143 13142 13143 1 4 3 
 BEAM 13144 13143 14 1 4 3 
 BEAM 13161 13 13161 1 3 3 
 BEAM 13162 13161 13162 1 3 3 
 BEAM 13163 13162 13163 1 3 3 
 BEAM 13164 13163 16 1 3 3 
 BEAM 14151 14 14151 1 4 3 
 BEAM 14152 14151 14152 1 4 3 
 BEAM 14153 14152 14153 1 4 3 
 BEAM 14154 14153 15 1 4 3 
 BEAM 14171 14 14171 1 2 3 
 BEAM 14172 14171 14172 1 2 3 
 BEAM 14173 14172 14173 1 2 3 
 BEAM 14174 14173 17 1 2 3 
 BEAM 15181 15 15181 1 3 3 
 BEAM 15182 15181 15182 1 3 3 
 BEAM 15183 15182 15183 1 3 3 
 BEAM 15184 15183 18 1 3 3 
 BEAM 16171 16 16171 1 4 3 
 BEAM 16172 16171 16172 1 4 3 
 BEAM 16173 16172 16173 1 4 3 
 BEAM 16174 16173 17 1 4 3 
 BEAM 17181 17 17181 1 4 3 
 BEAM 17182 17181 17182 1 4 3 
 BEAM 17183 17182 17183 1 4 3 
 BEAM 17184 17183 18 1 4 3 
 BEAM 19201 19 19201 1 4 3 
 BEAM 19202 19201 19202 1 4 3 
 BEAM 19203 19202 19203 1 4 3 
 BEAM 19204 19203 20 1 4 3 
 BEAM 19221 19 19221 1 3 3 
 BEAM 19222 19221 19222 1 3 3 
 BEAM 19223 19222 19223 1 3 3 
 BEAM 19224 19223 22 1 3 3 
 BEAM 20211 20 20211 1 4 3 
 BEAM 20212 20211 20212 1 4 3 
 BEAM 20213 20212 20213 1 4 3 
 BEAM 20214 20213 21 1 4 3 
 BEAM 20231 20 20231 1 2 3 
 BEAM 20232 20231 20232 1 2 3 
 BEAM 20233 20232 20233 1 2 3 
 BEAM 20234 20233 23 1 2 3 
 BEAM 21241 21 21241 1 3 3 
 BEAM 21242 21241 21242 1 3 3 
 BEAM 21243 21242 21243 1 3 3 
 BEAM 21244 21243 24 1 3 3 
 BEAM 22231 22 22231 1 4 3 
 BEAM 22232 22231 22232 1 4 3 
 BEAM 22233 22232 22233 1 4 3 
 BEAM 22234 22233 23 1 4 3 
 BEAM 23241 23 23241 1 4 3 
 BEAM 23242 23241 23242 1 4 3 
 BEAM 23243 23242 23243 1 4 3 
 BEAM 23244 23243 24 1 4 3 
 BEAM 25261 25 25261 1 4 3 
 BEAM 25262 25261 25262 1 4 3 
 BEAM 25263 25262 25263 1 4 3 
 BEAM 25264 25263 26 1 4 3 
 BEAM 25271 25 25271 1 3 3 
 BEAM 25272 25271 25272 1 3 3 
 BEAM 25273 25272 25273 1 3 3 
 BEAM 25274 25273 27 1 3 3 
 BEAM 26281 26 26281 1 2 3 
 136
                                                                                                                Appendix C    
 BEAM 26282 26281 26282 1 2 3 
 BEAM 26283 26282 26283 1 2 3 
 BEAM 26284 26283 28 1 2 3 
 BEAM 27281 27 27281 1 4 3 
 BEAM 27282 27281 27282 1 4 3 
 BEAM 27283 27282 27283 1 4 3 
 BEAM 27284 27283 28 1 4 3 
 BEAM 29301 29 29301 1 4 3 
 BEAM 29302 29301 29302 1 4 3 
 BEAM 29303 29302 29303 1 4 3 
 BEAM 29304 29303 30 1 4 3 
 BEAM 29311 29 29311 1 3 3 
 BEAM 29312 29311 29312 1 3 3 
 BEAM 29313 29312 29313 1 3 3 
 BEAM 29314 29313 31 1 3 3 
 BEAM 30321 30 30321 1 2 3 
 BEAM 30322 30321 30322 1 2 3 
 BEAM 30323 30322 30323 1 2 3 
 BEAM 30324 30323 32 1 2 3 
 BEAM 31321 31 31321 1 4 3 
 BEAM 31322 31321 31322 1 4 3 
 BEAM 31323 31322 31323 1 4 3 
 BEAM 31324 31323 32 1 4 3 
 BEAM 33341 33 33341 1 4 3 
 BEAM 33342 33341 33342 1 4 3 
 BEAM 33343 33342 33343 1 4 3 
 BEAM 33344 33343 34 1 4 3 
 BEAM 33351 33 33351 1 3 3 
 BEAM 33352 33351 33352 1 3 3 
 BEAM 33353 33352 33353 1 3 3 
 BEAM 33354 33353 35 1 3 3 
 BEAM 34361 34 34361 1 2 3 
 BEAM 34362 34361 34362 1 2 3 
 BEAM 34363 34362 34363 1 2 3 
 BEAM 34364 34363 36 1 2 3 
 BEAM 35361 35 35361 1 4 3 
 BEAM 35362 35361 35362 1 4 3 
 BEAM 35363 35362 35363 1 4 3 
 BEAM 35364 35363 36 1 4 3 
'           
' Geom  ID H T-web W-top T-top W-bot T-bot  
 IHPROFIL 1 0.33 0.018 0.31 0.028 0.31 0.028   
 IHPROFIL 2 0.32 0.013 0.31 0.021 0.31 0.021   
 IHPROFIL 3 0.31 0.009 0.25 0.015 0.25 0.015   
 IHPROFIL 4 0.31 0.006 0.16 0.01 0.16 0.01   
 IHPROFIL 5 0.26 0.011 0.26 0.017 0.26 0.017   
'           
' Loc-Coor  dx dy dz     
 UNITVEC 1 -1 0 0      
 UNITVEC 2 0 1 0      
 UNITVEC 3 0 0 1      
'           
‘ Load Case ID Node Load Intensity 
 NODELOAD 1 7 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 8 0.00E+00 1.6868E+03 0.0000E+00 
 NODELOAD 1 9 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 13 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 14 0.00E+00 1.6868E+03 0.0000E+00 
 NODELOAD 1 15 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 19 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 20 0.00E+00 1.6868E+03 0.0000E+00 
 NODELOAD 1 21 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 25 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 26 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 29 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 30 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 33 0.00E+00 8.4341E+02 0.0000E+00 
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 NODELOAD 1 34 0.00E+00 8.4341E+02 0.0000E+00 
 NODELOAD 1 7102 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 8112 0.00E+00 0.0000E+00 -1.6868E+05 
 NODELOAD 1 9122 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 13162 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 14172 0.00E+00 0.0000E+00 -1.6868E+05 
 NODELOAD 1 15182 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 19222 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 20232 0.00E+00 0.0000E+00 -1.6868E+05 
 NODELOAD 1 21242 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 25272 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 26282 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 29312 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 30322 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 33352 0.00E+00 0.0000E+00 -8.4341E+04 
 NODELOAD 1 34362 0.00E+00 0.0000E+00 -8.4341E+04 
'       
' Load Case ID Elem Load Intensity 
 BEAMLOAD 1 781 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 782 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 783 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 784 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 891 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 892 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 893 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 894 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 10111 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 10112 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 10113 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 10114 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 11121 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 11122 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 11123 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 11124 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 13141 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 13142 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 13143 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 13144 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 14151 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 14152 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 14153 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 14154 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 16171 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 16172 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 16173 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 16174 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 17181 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 17182 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 17183 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 17184 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 19201 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 19202 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 19203 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 19204 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 20211 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 20212 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 20213 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 20214 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 22231 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 22232 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 22233 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 22234 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 23241 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 23242 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 23243 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 23244 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 25261 0.00E+00 0.00E+00 -1.15295E+04 
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 BEAMLOAD 1 25262 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 25263 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 25264 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 27281 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 27282 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 27283 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 27284 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 29301 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 29302 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 29303 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 29304 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 31321 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 31322 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 31323 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 31324 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 33341 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 33342 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 33343 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 33344 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 35361 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 35362 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 35363 0.00E+00 0.00E+00 -1.15295E+04 
 BEAMLOAD 1 35364 0.00E+00 0.00E+00 -1.15295E+04 
   
'          
# Dummy Slab Element to simulate heat sink effect of concrete slab    
' Elem ID np1 np2 material geom lcoor ecc1 ecc2 
 BEAM 1781 7 781 99 994 0 9941 9941 
 BEAM 1782 781 782 99 994 0 9941 9941 
 BEAM 1783 782 783 99 994 0 9941 9941 
 BEAM 1784 783 8 99 994 0 9941 9941 
 BEAM 17101 7 7101 99 993 0 9931 9931 
 BEAM 17102 7101 7102 99 993 0 9931 9931 
 BEAM 17103 7102 7103 99 993 0 9931 9931 
 BEAM 17104 7103 10 99 993 0 9931 9931 
 BEAM 18111 8 8111 99 992 0 9921 9921 
 BEAM 18112 8111 8112 99 992 0 9921 9921 
 BEAM 18113 8112 8113 99 992 0 9921 9921 
 BEAM 18114 8113 11 99 992 0 9921 9921 
 BEAM 110111 10 10111 99 994 0 9941 9941 
 BEAM 110112 10111 10112 99 994 0 9941 9941 
 BEAM 110113 10112 10113 99 994 0 9941 9941 
 BEAM 110114 10113 11 99 994 0 9941 9941 
#          
 BEAM 2781 7 781 99 994 0 9942 9942 
 BEAM 2782 781 782 99 994 0 9942 9942 
 BEAM 2783 782 783 99 994 0 9942 9942 
 BEAM 2784 783 8 99 994 0 9942 9942 
 BEAM 27101 7 7101 99 993 0 9932 9932 
 BEAM 27102 7101 7102 99 993 0 9932 9932 
 BEAM 27103 7102 7103 99 993 0 9932 9932 
 BEAM 27104 7103 10 99 993 0 9932 9932 
 BEAM 28111 8 8111 99 992 0 9922 9922 
 BEAM 28112 8111 8112 99 992 0 9922 9922 
 BEAM 28113 8112 8113 99 992 0 9922 9922 
 BEAM 28114 8113 11 99 992 0 9922 9922 
 BEAM 210111 10 10111 99 994 0 9942 9942 
 BEAM 210112 10111 10112 99 994 0 9942 9942 
 BEAM 210113 10112 10113 99 994 0 9942 9942 
 BEAM 210114 10113 11 99 994 0 9942 9942 
#          
' Geom ID H T-side T-bott T-top Width  
 BOX 992 0.15 0.0774 0.002 0.002 0.155   
 BOX 993 0.15 0.0624 0.002 0.002 0.125   
 BOX 994 0.15 0.039 0.002 0.002 0.08   
#          
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'  Ecc-ID Ex Ey Ez      
ECCENT 9921 0.0775 0 0.235      
ECCENT 9922 -0.0775 0 0.235      
ECCENT 9931 0.0625 0 0.23      
ECCENT 9932 -0.0625 0 0.23      
ECCENT 9941 0 0.04 0.23      
ECCENT 9942 0 -0.04 0.23  
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USFOS Control File  
HEAD   Six-storey 3D building frame, Compartment 1 Natural Fire 





NonStru Mat 99    ! Dummy slab   
' 
'               inprint  outprint 
CPRINT        4         0 
' 
CSAVE         0        -10 
' 
'              epssol  gamstp  ifunc  pereul  ktrmax  dentsw  cmax  ifysw  detersw 
CPROPAR 1.0E-20    0.00      2      0.05       5             0       999      0        1 
' 
'                  ncnods 
CNODES        1 
'         nodex      idof     dfact 
             782         3       -1 
' 
'                  nloads    npostp    mxpstp    mxpdis ! Load steps 
CUSFOS        1           50           1.0          2.5 
'         lcomb      lfact      mxld      nstep    minstp 
            1 0.1 1.0 100 0.001 
            4  0.02 1.0 200 0.001 
            5       0.02 1.0 200        0.001 
            6       0.02       1.0 200        0.001 
            7       0.02       1.0 200        0.001 
            8       0.02       1.0 200        0.001 
            9       0.02       1.0 200        0.001 
           10      0.02       1.0 200        0.001 
           11      0.02       1.0 200        0.001 
           12      0.02       1.0 200        0.001 
           13      0.02       1.0 200        0.001 
' 
'          Mat         E  v Fy        Density  Thermal expansion constant 
 MISOIEP          1   2.002E+11   3.000E-01   2.485E+08   7850       1.4E-05 ! Steel 
 MISOIEP          99 2.002E+11   3.000E-01   2.485E+08   7850       1.1E-05 ! Dummy Slab 
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